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Small thermally-induced fluctuation in the ionospheric electron density present
a scattering cross-section, if probed with a radar frequency higher than the
plasma frequency. This technique, known as the incoherent scattering from the
ionosphere, is a well-established field of study now. Since the conception of this
field of study in 1958, numerous theoretical and experimental efforts have led
the way to the high precision ionospheric research we have today. The theory of
the incoherent scatter is highly robust. Recent advances in the radar hardware
and computing technology have made it possible to probe the ionosphere using
the full extent of this theory. In the effort presented here, high spectral reso-
lution incoherent scatter experiments have been used to, for the first time, fully
understand the theoretical predictions concerning the electron component of in-
coherent scatter. The two resonance lines that constitute the electron component
are called the gyro line and the plasma line, and are greatly affected by the pres-
ence of the earth’s geomagnetic field. The experiments described here present
the first unambiguous measurements of the gyro line with high spectral resolu-
tion in the incoherent scatter spectrum. Plasma line experiments presented here
show the existence of frequency gaps that were predicted in the early days of
incoherent scatter theory, but never observed. High latitude plasma line mea-
surements are presented here to show that using the plasma line technique, the
gravity waves in the thermosphere can be detected. The intention here is to ob-
serve all the components of the incoherent scatter and apply them to understand
ionospheric processes.
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CHAPTER 1
INTRODUCTION
1.1 Ionosphere and Radio Science
The earth’s ionosphere is a region of charged particles in the upper atmosphere
from 60 to beyond 1000 km. It is considered the natural plasma laboratory. En-
ergy from the Sun’s ultraviolet rays ionizes neutral gases creating the ions and
the electrons during the day time, which recombine in the absence of the Sun.
Depending on the neutral density that varies with the altitude, the degree of the
ionization changes.
In 1902, Oliver Heaviside proposed the existence of a conducting layer in the
earth’s upper atmosphere that would allow multi-hop transmission of the elec-
tromagnetic waves. It was termed the Kennelly-Heaviside layer. Sir Edward
Appleton confirmed the existence of the ionosphere in 1927, for which he was
awarded the Nobel Prize in 1947. This discovery was followed by several theo-
retical and experimental investigations in radio propagation. The development
of radio also helped further discover the nature of the ionosphere as a non-linear
medium.
The ionosphere is divided in three primary regions. The division is based on the
concentration of the neutral particles, which determines the collision frequency
between the charged particles and the neutrals. The regions are called D, E,
1
and F, in the order of most to least neutral density (Fig. 1.1). The D region is
mostly responsible for absorbing the electromagnetic waves during the active
solar-geomagnetic conditions that increase the collision frequency. The E region
is essentially a thin layer around 100 km that was the first to be named (E for
Electric). This region gets most affected by meteors and auroral precipitation.
F-region is where the peak of the electron density occurs depending on the time
of the day. The electron density falls off above the altitude of the peak.
To ensure the collective behavior for the plasma, the criterion Neλ3de À 1 should
be satisfied, where Ne is the electron density and λde is the electron Debye
length. The system scale length should also be much greater than the Debye
length. Both of these conditions hold true for the ionospheric plasma. The De-
bye length for electrons is defined as,
λde =
√
²0kBTe/Nee2, (1.1)
where ²0 is the free space permittivity, kB is the Boltzmann’s constant, Te is the
electron temperature, and e is the charge of a single electron. In the ionosphere,
typical Ne is 108 − 1012/m3 and the electron temperature is of the order of a few
hundred to well beyond a 1000◦K. The Debye length is generally of the order of
a few mm or cm, while the scale lengths are of the order of a few km. The ions
and the electrons follow a Maxwellian velocity distribution (Chen, 1984).
Since the process of ionization depends strongly on the Sun, any changes in the
Sun’s energy output are reflected in the ionosphere. The earth also has a dipole
geomagnetic field, which magnetizes the ionospheric plasma. Being the buffer
2
Figure 1.1: A typical ionospheric electron density profile showing vari-
ous regions of the ionosphere for solar maximum and solar
minimum conditions. The experiments described in this the-
sis have been done in the solar cycle leading up to a deep so-
lar minimum. The region below the F layer peak frequency
is known the ’bottomside ionosphere’ while that above the F
peak is known as the ’topside ionosphere’.
zone between the magnetosphere and the lower atmosphere, the ionosphere
gets affected by the processes in both of these regions. The temperature and
the pressure changes in the lower atmosphere can drive buoyancy waves (also
known as gravity waves) all the way up to the thermosphere, which in turn af-
fect the ionospheric electron density. The geomagnetic field of the earth affects
these plasma processes profoundly and creates very clear distinction between
the equatorial, the mid-latitude, and the high-latitude ionospheres.
3
The science of Radio Detection and Ranging (RADAR) started to develop dur-
ing the World War II. Various types of radars were developed for civilian and
military use to detect hard targets like aircrafts. This thesis is concerned with
radar scattering from electrons in the ionosphere, which present a soft, volume
target. The expression for the received power from a monostatic radar for a
volume scatterer is,
PR =
PTGTAeffV σradar
16pi2R2
, (1.2)
where PR = Received power, PT = Transmitted power, GT = Transmitter gain,
Aeff = Antenna effective area, V = Scattering volume, σradar = Radar scattering
cross section per unit volume and R = Radar range. The basics of incoherent
scatter in particular are discussed in the following sections.
1.2 Incoherent scattering from the ionosphere
The ions and the electrons in the ionosphere have random thermal velocities,
which results into a weak scatter. This scatter, known as ”incoherent” scatter
due to the uncorrelated motions of the electrons, is a very useful diagnostic tool
for the ionosphere.
4
1.2.1 Beginnings
In 1958, a Cornell University professor W. E. Gordon conceived the idea that
if a radar with a large enough area and power is built, the combined scatter
from the multiple scatterers (electrons) with very small cross-sections can be ob-
served (Gordon, 1958). The frequency of the radar would be much higher than
the maximum plasma frequency in the ionosphere to ensure that the waves pass
through the plasma without perturbing it, except for a weak scatter from spatial
density fluctuations. These density fluctuations contain information about the
ionospheric plasma. It is important to note that the electrons present a ”soft”
volume target, as opposed to a ”hard” target like an airplane. The scattering
volume for the electrons would fill the radar beam and change with the radar
range. The Doppler shift due to the thermal motion of these electrons can be
used to infer the electron temperature. The idea was soon tested (Bowles, 1958).
However, the observed signals indicated that the echoes had a Doppler broad-
ening in the range of the ion thermal velocities rather than the electron thermal
velocities. Since the ions are much heavier than the electrons, they move much
more slowly and the Doppler frequency range is smaller. These results encour-
aged several authors to develop the theory of the thermal density fluctuations
in a plasma. Within a few years of the conception of this idea, the theory for
a non-magnetized plasma was almost fully developed (e.g., Dougherty and Far-
ley, 1960; Fejer, 1960; Salpeter, 1960; Rosenbluth and Rostoker, 1962). The magnetic
field was included in the theory soon after (e.g., Hagfors, 1961; Salpeter, 1961).
The refinements in the theory now include the effects of the ion and electron
collisions, unequal ion and electron temperature, multiple ion species, and par-
ticles with a non-Maxwellian velocity distribution.
5
Along with the theoretical work, the efforts for building the required instrumen-
tation were already underway. The first measurements began in 1961 with a 50
MHz radar at the Jicamarca Radio Observatory (11◦57’ N, 76◦52’ W) near Lima,
Peru. A 430 MHz spherical dish radar with a diameter of 300 m was constructed
at Arecibo (18◦20’ N, 66◦45’ W) in Puerto Rico and began operations in 1963. The
initial measurements of the scattered power indicated differences between the
theory and the observations. This was solved when Bowles et al. (1962) showed
that the theory and the experiments used the values of the radar cross-section
differing by 4pi. It was shown that the required receiver bandwidth was much
smaller due to the slower ion velocities, which meant that the total received
noise was also much less. So the radars did not need to have as large a receiving
area as was initially proposed by Gordon in order to get a better signal-to-noise
ratio.
1.2.2 Basic theory
In the case of incoherent scattering, the incident field on the particles is much
larger than the scattered field from each individual particle and hence unaf-
fected by any loss in the scattering power due to multiple scatterers. The inco-
herent scattering cross section is proportional to the ionospheric electron den-
sity. The electron density fluctuations leading to the incoherent scatter have
been treated with both microscopic and macroscopic mathematical approaches.
The microscopic approach, widely known as the dressed particle approach, con-
6
siders a test ion in the plasma. This ion is surrounded by a cloud of electrons
that create a potential distribution around the test ion that is different from the
free space potential. This is known as Debye shielding and the electron cloud
is called the Debye cloud. Beyond a few Debye lengths the test ion is com-
pletely shielded from the rest of the plasma, since the Debye cloud acts as the
charge neutralizer. The cloud is essentially a statistical effect that has an ex-
cess of electrons and a deficiency of ions. This is the result of electrons and
ions with slightly perturbed orbits, due to the presence of the test ion, getting
attracted and repealed respectively from the test ion. If this test ion is mov-
ing, it would have a velocity comparable to the mean ion thermal velocity. The
shielding by the ions will be reduced if the test ion is faster than those. Elec-
trons are faster and can move with the test ion, and hence largely make up the
cloud. This way very fast test ions will be almost completely shielded by the
electrons, which from the scattering standpoint act as a slow electron. The scat-
tering cross-section of these ions is four times that of a test ion at rest. However,
the ions have a Maxwellian velocity distribution and there are fewer fast ions.
This means that there are fewer fast ions with a higher scattering cross-section
per shielded ion, and more slow ions with a lower scattering cross-section. This
results in a double humped spectrum with the peaks corresponding to the pos-
itive and the negative ion thermal velocities.
The macroscopic approach treats the density fluctuations rather than treating
individual particles. These fluctuations are described by a Fourier series of
acoustic-like waves and their statistical properties are then calculated. The nor-
mal wave modes resulting from this approach can be described as waves trav-
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eling in opposite directions creating resonances at the positive and negative
Doppler frequencies. For example, the above mentioned double hump spec-
trum can be explained as the scatter from up and down going Ion Acoustic
waves. Similarly, the electron Langmuir waves create peaks at the positive and
the negative Langmuir frequency offsets (Figure 1.2). These approaches have
been treated in detail in Rosenbluth and Rostoker (1962) (dressed particle) and
Dougherty and Farley (1960) (wave approach using the Nyquist theorem) and the
followup papers.
Both these approaches lead to the same final result. In this text we are interested
in the role of the electrons on the incoherent scatter spectrum. Since the experi-
mental results described in this thesis were first predicted by Salpeter (1961), we
will use the expression for intensity of the electron density spectrum for a con-
stant wave vector k derived therein and later used for numerical calculations
by Perkins (1963). This expression is derived from the following two equations -
The incoherent scatter frequency spectrum can be expressed as |Qe(ω)|2, where,
Qe(ω) =
∫ ∞
0
ρe(t)e
(−iω+η)tdt, (1.3)
is the Laplace transform of,
ρe(t) = −e
N∑
j=1
e−ikzj , (1.4)
which is the spatial Fourier transform of the electron charge density for a fixed
wave vector k (Salpeter, 1961). Here k is the Bragg scattering wave number de-
fined as 4pi/λ, λ is the radar wavelength = c/f0, f0 being the radar operating
8
frequency and c being the speed of light; z is parallel to k and zj refers to the po-
sition of the jth electron. The magnetic induction and retardation are neglected
to simplify matters. η is an infinitesimal positive constant of the order (2τ)−1,
τ being the finite experiment time over which |Qe(ω)|2 may be obtained. An
important parameter is φ = pi
2
−α, where α is the angle between the radar wave
vector k and the earth’s geomagnetic field, B. Other variables to be used in fol-
lowing analysis are defined as,
ωpe =
√
Nee2
²0me
is the radian electron plasma frequency;
Ωe =
eB
me
is the radian electron gyro frequency;
vthe =
√
2kBTe
me
is the electron thermal velocity;
Some normalized frequencies -
a =
√
2
ωpe
kvthe
=
1
kλde
ε =
Ωe
kvthe
x =
ω
kvthe
For the intermediate angles (between 0 and pi/2), P (x)dx = (η/Nee2pi)|Qe(x)|2dx
is defined as follows, ignoring collisions and the bulk electron motion and con-
sidering ions and electrons in a complete thermodynamic equilibrium. (The
full mathematical treatment to arrive at this result from 1.3 and 1.4 is given in
Salpeter (1961).)
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P (x)dx =
1√
pi sinφ|1−He −Hi|2
[
|1−Hi|2
∞∑
n=−∞
χnee
(−x2ne) + |He|2Z
∞∑
n=−∞
χnie
(−x2ni)
]
dx,
(1.5)
where
xne =
(nε− x)
sinφ
, (1.6)
and
He(x) = −a2
∞∑
n=−∞
χneTne(x). (1.7)
Here Tne is related to the plasma dispersion function
Z(r) = i
√
pie−r
2 − r−1f(r) (1.8)
where
f(r) = 2re−r
2
∫ r
0
et
2
dt (1.9)
by
Tne(x) = 1 +
x
sinφ
Z(xne) (1.10)
and
χne = exp
(
−cos
2 φ
2ε2
)
In
(
cos2 φ
2ε2
)
. (1.11)
The ion components of the above equations, namely, xni, Tni, χni and Hi can be
found by replacing ε with εi However, we are not very concerned about the ion
components as will be made clear later in this chapter. Note that for φ = pi
2
, the
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motion of the particles along the magnetic field lines is unaffected by the mag-
netic field, i.e. χne = χni = 0 and all magnetic field effects disappear.
In is the modified Bessel function of the first kind and is defined as -
In(t) =
(
t
2
)n ∞∑
m=0
(
t2
4
)m
m!Γ(n+m+ 1)
, (1.12)
where Γ(a) =
∫∞
0
e−tta−1dt is the Gamma function.
The resultant IS spectrum can be categorized in two components (see figure 1.2)
- an ion component and an electron component. The ion component indicates
motion of the ions and is visible in the spectrum at the center frequency with two
humps at the positive and the negative Doppler frequencies for the ion acoustic
waves. These are pressure waves with compression and rarefaction and veloc-
ity corresponding to the sound speed in the plasma. The acoustic frequency in
the plasma can be given as k(kBTe/me+ γikBTi/mi), where γi is the ratio of spe-
cific heat capacities. In essence, this wave mode depends solely on the thermal
motions of the particle and has equal phase and group velocities (Chen, 1984).
The broad shape of the ion ”line” is due to the collisionless damping of the
ion acoustic waves from the wave interacting with the ions having lower phase
velocities than the wave, also known as the ion Landau damping. A detailed
treatment of the Landau damping can be found in any standard plasma physics
text (e.g, Chen, 1984).
The electron component consists of two different wave modes on the electrosta-
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Figure 1.2: A typical incoherent scatter spectrum with a double humped
ion line in the middle, and the gyro line (GL) and the plasma
line (PL) make up the electron component of the spectrum. Ex-
perimentally, the electron lines are much weaker (about 3 or-
ders of the magnitude less) than the ion line.
tic branch of the Whistler mode waves. The experiments described in this thesis
are concerned with the resonance lines in the spectrum owing to these wave
modes. These modes have almost no contribution from the ions and results
from purely electron motion. These are fast electrons and are fewer in numbers,
so the scatter from these electrons is not as strong as from the ions. The energy
in the electron component is k2λ2de less than the energy in the ion line.
The plasma and the gyro lines make the electron component and are two roots
of the dispersion relation for the magnetized plasma. We are particularly in-
12
terested in the electron component at low electron densities. Analytical expres-
sions for these lines can be arrived at after approximating several terms in the
equation 1.2. The first approximation is to ignore the ion component in the equa-
tion 1.2, since the ion contribution is negligible in generating these resonances.
This approximation is valid as long as me/mi ¿ sin2 φ and (me ¿ mi), which
is true everywhere except at equatorial latitudes where k may be perpendicular
to B. The ions are mostly unaffected by the magnetic field or the angle φ. This
reduces equation 1.2 to the following form.
P (x) =
1√
pi sinφ
1
|1−He|2
[ ∞∑
n=−∞
χnee
(−x2ne) + |He|2
]
. (1.13)
The above function will display resonances wherever the denominator goes to
zero. The denominator has both real and imaginary parts. Revisiting the ex-
pression for He,
He(x) = −a2
∑∞
n=−∞ χneTne(x)
= −a2∑∞n=−∞ χne [1 + xsinφ (f(xne)xne − i√pi exp(−x2ne))]
= −a2∑∞n=−∞ [χne (1 + xsinφ f(xne)xne )− i√pi xsinφχne exp(−x2ne)]
= <He + i=He
For parameters related to experiments at Arecibo and the low frequency regime
that we are interested in, |xne| À 1 (see fig 1.3). (There are some contributions
to the spectrum at low frequencies when |xne| ≤ 1 that will be discussed in
Chapter 3.) This makes the exponential term in =He very small compared to
<He. Other parameters a and ε are graphed in figure 1.4 for the same electron
density range as in figure 1.3, along with a2/2ε2. Since =He ¿ <He, P (x) will
display resonances wherever Y (x) = 1−<He = 0. Y (x) is the dispersion relation
13
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Figure 1.3: xne plotted for n = 0, 1, 2 and 3 over the frequency range of
our interest 0-3 MHz. The points where xne crosses zero, depict
the gyro harmonics. P(x) displays interesting behavior at these
locations. Note that xne is dimensionless.
for the magnetized plasma and is given as -
Y (x) = 1 + a2
∞∑
n=−∞
χne
[
1 +
x
sinφ
f(xne)
xne
]
. (1.14)
Two roots of this dispersion relation are the gyro line and the plasma line.
Let us first arrive at analytical expressions for these electron lines for normal
ionospheric conditions, which implies that we ignore all higher order terms
14
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Figure 1.4: a, ε and a2/2ε2 are plotted for the density/frequency range of
interest (1 × 109 < Ne < 1 × 1011). Simplifications of various
expressions here are based on how large these values are com-
pared to 1. Note that all the quantities plotted here are dimen-
sionless.
(|n| > 1) in Y (x). For the case of ionosphere over Arecibo, where ε ≈ 2 as
shown in figure 1.4, the exponential term in χne ¿ 1 and we can series expand
it, considering series expansions of e−t = 1− t + t2/2!− ... and bessel functions
(I0(t) = 1+ t2/4+ t4/64+ ... and I1(t) = t/2+ t3/16+ t5/384+ ...), leaves us with
the following approximations -
15
χ0e = 1− cos
2 φ
2ε2
+
cos4 φ
8ε4
− ... (1.15)
χ1e =
cos2 φ
4ε2
− cos
4 φ
4ε4
+ ... (1.16)
However, for the reasons mentioned above, the higher order terms in both the
above expressions will be negligible and we can safely ignore those, leaving
only the first two terms in χ0e and the first term in χ1e. f(r) in the plasma dis-
persion relation is a tabulated function that for |r| À 1 can be written as an
asymptotic series expansion,
f(r) = 1 +
1
2r2
+
3
4x4
+ ...
which allows for the following approximations -
f(x0e) = 1 +
1
2x20e
, (1.17)
and
f(x1e) = 1. (1.18)
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The higher order terms for n = 0 and n = 1 give extremely small contributions
and can be safely neglected. Also note the identity (Salpeter, 1961),
∞∑
n=−∞
J2n(r) =
∞∑
n=−∞
χne = 1
Putting these approximations in equation for He(ω) and taking the real part of
it -
<He = −a2∑n χne − a2∑n χne xsinφ f(xne)xne
= −a2
(
1 +
(
1− cos2 φ
2ε2
)
x
sinφ
1+1/2x20e
x0e
+ cos
2 φ
4ε2
x
sinφ
1
x1e
)
= a2
[
cos2 φ sin2 φ
4ε2x2
− sin2 φ
2x2
− cos2 φ
2ε2
(
1− x
2(ε−x)
)]
The first term in the above expression has, for all x, a value that is much less than
the rest of the terms and can be ignored. The expression for Y (x) = 1 − <He,
after explicitly putting in the condition that |x| and |x − nε| are À 1, results in
the following expression -
Y (x) = 1− a
2
ε2
[
x2
ε2
− sin2 φ
x2
ε2
(x
2
ε2
− 1)
]
. (1.19)
Converting Y (x) into Y (ω) and equating the above equation to 0 gives the reso-
nances in the incoherent scatter spectrum.
ω2p
Ω2e
(
ω2/Ω2e − sin2 φ
ω2/Ω2e(ω
2/Ω2e − 1)
)
= 1 (1.20)
Denoting b = ω/Ωe,
17
b4(Ω2e)− b2(Ω2e + ω2p) + ω2p sin2 φ = 0
b2 = ± 1
2Ω2e
(
Ω2e + ω
2
p ±
√
(Ω2e + ω
2
p)
2 − 4Ω2eω2p sin2 φ
)
,
which in turn gives,
ω2 = ±1
2
(
Ω2e + ω
2
p ±
√
(Ω2e + ω
2
p)
2 − 4Ω2eω2p sin2 φ
)
(1.21)
The above expression gives two pairs of resonance lines, one with the frequency
higher than the other. Since the first term in the square root is much smaller than
the second term, we can expand the square root,
ω2 = ±1
2
(
Ω2e + ω
2
p ± (Ω2e + ω2p)
(
1− 2Ω
2
eω
2
p sin
2 φ
(Ω2e + ω
2
p)
2
))
The larger root here gives the expression for the plasma line frequency,
ω2PL = ω
2
p +
Ω2e
Ω2e + ω
2
p
(Ω2e + ω
2
p cos
2 φ). (1.22)
and the smaller root the expression for the gyro line frequency,
ω2GL =
Ω2eω
2
p sin
2 φ
Ω2e + ω
2
p
. (1.23)
18
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Figure 1.5: ωPL and ωGL from (1.22) and (1.23) are plotted here with ωp
and Ωe with electron density ranging from 1 × 109 − 1011/m3
and φ = 34o corresponding to the experiments conducted with
Arecibo radar. B = 35000nT corresponding to the F region
above Arecibo. Note that both ωPL and ωGL will be affected
slightly if electron temperature term is included.
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Figure 1.5 shows how these approximated frequencies vary with electron den-
sity ranging from 1×109−1011/m3. For the normal day time ionospheric condi-
tions, where ωp is larger than Ωe, ωGL can be approximated as ±Ωe sinφ, which
is the value that the ωGL curve is shown to approach as the density increases.
But during low electron density conditions, mainly dawn, dusk and night time,
when ωp is of the order of Ωe, ωGL starts following electron density more closely,
an interesting fact that is the basis for Chapter 2.
From looking at figure 1.5, it is evident that the plasma line needs to be eval-
uated in three different domains, ωp > Ωe, ωp ' Ωe and ωp < Ωe. As will be
shown in later chapters, it is nearly impossible to detect the plasma line for
Ne < 1 × 1010/m3 with reasonable altitude and time resolution, even with the
most sensitive incoherent scatter radar on the earth. The gyro line on the other
hand can be reasonably detected for electron densities as low as 2×109/m3. The
analytical expression of plasma line for ωp < Ωe is hence not derived here.
The electron temperature affects the width and the intensities of these lines
much more than it does the frequencies. Intensity of each line can be evaluated
by integrating the area under the line (Salpeter, 1961; Perkins, 1963),
Iν =
∫ ∞
−∞
P (ω)dω =
k2v2the
2ω2p(
∂Y
∂ω
ω)|
ω=ων
, (1.24)
where ν is PL or GL. Using 1.19 to get Y (ω),
Y ′(ω) = −ω
2
p
Ω2e
[
2ω/Ωe
ω2/Ω2e(ω
2/Ω2e − 1)
+
(ω2/Ω2e − sin2 φ)(4ω2/Ω2e − 2)
ω3/Ω3e(ω
2/Ω2e − 1)2
]
, (1.25)
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which gives the expression for intensity of the lines as,
Iν =
2k2v2the
Ω2e
[
ω2/Ω2e − sin2 φ
ω2/Ω2e(ω
2/Ω2e − 1)
+
cos2 φ
(ω2/Ω2e − 1)
]
ω=ων
(1.26)
Substituting 1.22 and 1.23 for plasma and gyro lines respectively, we arrive at
intensities graphed in figure 1.6. These intensity values need to be multiplied
by physical experimental parameters to be compared with received intensities.
These approximations do not compare well with the observed theory as far
as comparing the trend goes. Note that the plasma line during the daytime
at higher frequencies get significantly enhanced by the presence of high en-
ergy photoelectrons. These photoelectrons create a ”bump” near the tail of the
Maxwellian velocity distribution that give energy to the resonance line (Yngves-
son and Perkins, 1968).
The equations 1.22 and 1.23 were arrived from the assumption that Ωe À kvthe.
When Ωe is of the same order as kvthe, equation 1.19 is further simplified giving
(Perkins, 1963),
Y (x) = 1− a2
[
1
2x2
+
1
x4
(
3
4
+
ε2 cos2 φ
2
)]
(1.27)
Equating this equation to zero gives the plasma line frequency that is equivalent
to that of the Langumuir waves,
ω2 = ω2p +
3
2
k2v2the + Ω
2
e cos
2 φ, (1.28)
21
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Figure 1.6: Plasma and gyro line intensities plotted using 1.26 for the fre-
quencies in 1.22 and 1.23 respectively. The values are plotted
for a range of electron density from 1× 109 to 1× 1011/m3. The
intensities are plotted for the same parameters as those men-
tioned in the figure 1.5 and Te = 1000oK. These intensity val-
ues are dimensionless and need to be multiplied by physical
parameters to be compared with experimental values.
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which is somewhat more accurate than equation 1.22. The other root of this fails
to give an accurate gyro line frequency however,
ω2 =
3
2
k2v2the + Ω
2
c cos
2 φ, (1.29)
which under any circumstances does not work. A better analytical expression
for the gyro line will be estimated in Chapter 2.
These same expressions (equations 1.23 and 3.1) can be also derived using the
more widely used Gordeyev integral. Following the notation of Farley et al.
(1961), the density fluctuation spectrum including only electron effects for a
Maxwellian velocity distribution may be written as
〈|ne(k, ω)|2〉
Ne
=
k4λ4de
ω
<(ye)
|ye + ik2λ2de|2
(1.30)
or
〈|ne(k, ω)|2〉
Ne
=
k4λ4de
ω
<(ye)
<(ye)2 + [=(ye) + k2λ2de]2
(1.31)
where the effect of bulk electron motion has been neglected. In this equation
ye is the electron admittance function. The admittance function neglecting colli-
sions can be written as
ye = i+ xJ(x) (1.32)
The function J(x) refers to a Gordeyev integral, which, when including the mag-
netic field effects but excluding collisions of all types, can be written as (Farley
et al., 1961)
J(x) =
∫ ∞
0
e−ixt−ε
−2 sin2 α sin2 1
2
xt− 1
4
t2 cos2 αdt (1.33)
where α = 90o−φ, is the angle between k and B. The Gordeyev integral may be
interpreted as the one-sided Fourier transform of the single particle autocorre-
23
lation function (e.g., Bernstein, 1958; Farley et al., 1961; Sulzer and Gonzalez, 1999;
Kudeki and Milla, 2006).
Equating the denominator of (1.30) to zero corresponds to the dispersion rela-
tion for free oscillations (normal modes) in the plasma (Farley et al., 1961). Since
Re(ye) is very small, it can be shown that resonances occur when the following
expression is satisfied:
=(ye) + k2λ2de =
k2λ2de +
sin2 α
2(ε2 − x2) +
(sin2 α− 2ε2) cos2 α
4ε2x2
= 0 (1.34)
Two roots of this equation are the plasma and the gyro lines as given by 3.1 and
1.23 respectively. Both these resonance lines have unique properties that make
them worth studying. Both their intensities combined are less by a factor of
k2λ2de from the ion line, which makes them very hard to detect with an incoher-
ent scatter radar.
Full spectrum analysis
The exercises above were to arrive at analytical expressions for the resonance
lines. The analysis so far assumes |nε − x|/ sinφ or |nΩe − ω|/kvthe sinφ À 1.
24
These results are a good approximation for daytime ionospheric conditions at
mid to high latitudes. However, these results were arrived at after several series
expansions and eliminating terms much smaller than others to simplify matters.
As a result, they fail to accurately predict the behavior of plasma line primarily
during low density conditions and at the electron gyro harmonics. Chapter 3
in this thesis addresses the plasma line response when the plasma frequency is
close to the second electron gyro harmonic. With the advances in sophisticated
computing tools, more accurate shape of the spectrum can be predicted without
needing those approximations. The theoretical spectra throughout this thesis
have been numerically calculated using a code written to calculate P (x) mul-
tiplied by
√
pi sinφ from equation 1.5, in the MATLAB programming language.
The analysis assumes Te = Ti and thermal electrons only and O+2 as the domi-
nant ion. We ignore collisions and bulk motion. The magnetic field information
is from International Geophysical Reference Field (IGRF). It then numerically
sums n for -30 to 30, and calculates a spectrum over 1024 FFT points and the fre-
quency range of interest. The code can evaluate f(xne) with the help of inherent
error functions like erfz, and Bessel functions in χne without having to eliminate
higher order terms. The accuracy of the spectra calculated thus is limited only
by the computing power of the machine the code runs on (a higher resolution
FFT is possible for example). An example spectrum computed in this manner,
which will be referred to as ’full spectrum analysis’ or ’computed values’ for the
rest of this thesis, is shown in figure 1.7. Experimental high spectral resolution
observations of both these lines have been presented in the following chapters.
The sections below describe the radars used for these observations.
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Figure 1.7: Electron component in the full IS spectrum calculated numer-
ically for Ne = 1.66 × 1010/m3, Te = 863oK, B = 35000nT ,
and φ = 30o using equation 1.5. Note that P (x) includes ions,
which affect the spectral intensity here. Note that while P (x) is
the backscattered signal as observed by the radar in the units of
Cross section ·Hz−1 that needs to be multiplied by a frequency
independent constant based on experimental conditions and
radar parameters in order to be compared with actual received
backscattered signal.
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1.2.3 Instrumentation
Since the incoherent scatter was understood to be coming from the electron
cloud around ions, which are much slower than the electrons, the receiving
bandwidth requirement decreased drastically. This eliminated the requirement
for a radar with a large area to ensure low noise, and resulted into the construc-
tion of several radar facilities around the world. Only the radars at Arecibo
and Jicamarca remained the ones very large apertures. Among the other radars
were, the 440 MHz Millstone Hill radar with a diameter of 68 m in 1963, the
Stanford 1290 MHz parabolic antenna in California in 1965 (which was trans-
ferred to Chatanika, Alaska in 1971, and later to Søndre Strømfjord, Greenland
in 1983), the EISCAT (European Incoherent SCATter) radar system in Norway,
Sweden and Finland consisting parabolic reflectors and a parabolic cylinder and
transmitting at 224 MHz and 924 MHz in 1980, the 47.5 MHz MU radar in Shi-
garaki, Japan, consisting of 475 yagi antenna elements in 1983, an additional
500 MHz parabolic dish radar within the EISCAT system in Svalbard, Norway
in 1999, and lastly the 449 MHz phased array system known as AMISR (Ad-
vanced Modular Incoherent Scatter Radar) that began operations at Poker Flat,
Alaska in 2006. Some other radar systems were built and later decommissioned
in Europe (e. g. 935 MHz radar at St. Santin in France that operated from 1965
to 1987), but nevertheless contributed to our knowledge base while operating.
The operations at these radars over the years have helped perfect the
ionospheric models by providing precise measurements of primarily the elec-
tron density and the ion and the electron temperatures. The individual exper-
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iments performed at these radars have also helped validate important aspects
of the kinetic theory of plasma, such as Landau damping (Perkins et al., 1965).
As noted above, most of the incoherent scatter theory had been developed in
the 1960’s and has been the basis for the later theoretical developments and
the measurements based on them (e.g., Farley et al., 1967; Sulzer and Gonzalez,
1999; Woodman, 2004; Kudeki and Milla, 2006; Rodrigues et al., 2007b,a; Nicolls
et al., 2006; Shume, 2000; Bhatt et al., 2006, 2008). In recent years, the IS radars
have also been used extensively to detect the so called traveling ionospheric
disturbances (TIDs) and other manifestations of the gravity waves in the ther-
mospheric plasma (e.g., Djuth et al., 2004; Nicolls et al., 2004; Vadas and Nicolls,
2008). With the development of better radar and computer hardware and com-
puting technology, better measurements requiring higher computational power
from these systems can be expected.
The year 2006-2007 was marked as the International Polar Year (IPY)
in the ionospheric radar community. Some of the radars mentioned
above (Svalbard and AMISR) ran continuous operation during IPY, the
data for which are in public domain through the Madrigal database ac-
cess[http://madrigal.haystack.mit.edu]. The data presented in Chapter 4 of this the-
sis have been obtained with the Poker Flat IS radar during the IPY.
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Arecibo Observatory
The Arecibo Observatory in Puerto Rico holds a unique position as the largest
single dish radar/radio telescope in the world. The observatory carries out re-
search in the areas of radio astronomy and planetary science in addition to the
ionospheric studies. The radar has a 304.8 m spherical dish built into one of the
many sinkholes in the island of Puerto Rico. The receiver assembly is located on
a platform suspended some 150 m above the dish by cables from three concrete
towers. The first feed was a line, since the rays reflected from a spherical sur-
face form a focal line rather than a point. In 1997, a new Gregorian system was
developed consisting of a secondary and a tertiary reflectors that are housed in
a separate dome hanging alongside the line feed. The Gregorian system focuses
the rays on a single point, thus enhancing the receiver sensitivity. The forward
gain of the Gregorian system is 55.5 dB at 430 MHz. The platform has a circular
azimuth and a bow-shaped elevation tracks, which allow the feeds to scan 360◦
in azimuth and ± 20◦ in elevation. This makes multi-point measurements pos-
sible.
In the field of ionospheric physics, the Arecibo radar has been instrumental in
making the most sensitive measurements of the ionospheric parameters. It re-
mains the most powerful incoherent scatter radar to date. It was the first radar
to measure the electron component in the IS spectrum with high spectral and
height resolution and infer the ionospheric electron density and temperature
using those measurements. So far, it is the only radar where unambiguous,
high precision gyro line measurements have been possible. The Arecibo Obser-
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Figure 1.8: The Gregorian assembly in the front and the line feed in the
back, hanging from the platform at Arecibo Observatory. Other
elements in the figure are, the azimuth and the elevation tracks,
the platform, the cables connecting to the dish below, and a
catwalk from the ground to the platform.
vatory is operated by Cornell University under a cooperative agreement with
the National Science Foundation.
1.3 Data Collection and Analysis
Data shown in chapters 2 and 3 of this thesis have been obtained using the
Arecibo radar, and those in chapter 4 have been obtained using the Poker Flat
IS radar. This section describes the experimental procedure used for data col-
lection at these places.
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1.3.1 Arecibo Experiments
The Arecibo data were taken for low electron density conditions. The goal of
the first experiments was to observe the gyro line that was known to be very
hard to detect above the noise floor (Behnke and Hagen, 1978). We transmitted
a single long pulse 500 µs in length with an inter-pulse period (IPP) of 10 ms,
giving a duty cycle of 5%. This IPP ensured the maximum unambiguous range
of 1500 km (cIPP/2). No significant scatter compared to the E and the F region,
is expected from ranges above that. A pulse length of 500 µs is equivalent to
the range resolution (∆R = cτ/2) of 75 km. Figure 1.9 shows the range-time
diagram for this pulse mode also known as the ”uncoded long pulse”. Note in
figure 1.9 that the range gates overlap in altitude by half the range resolution,
which makes it extremely difficult to pinpoint the altitude where the signal may
be coming from. The received signal is essentially integrated over the entire
75 km, which elevates the signal much more over the noise floor. A disadvan-
tage is that it also introduces range smearing, which significantly broadens the
resonance ’lines’. The data obtained with this method show same signal with
different strengths in two consecutive range gates. Typical scale heights in the
E and the bottom-side F regions are less than 75 km, and the received signal
fails to reflect the electron density changes over one scale height. However, the
scatter comes from electron waves and gets abruptly large when there are more
electrons resonating at the phase velocity of the wave. This happens at the peaks
and valleys in the ionospheric density profile. This is shown in fig. 1.10, which
is taken from figure 1 in Showen (1995). These peaks and valleys are reflected
in the resonance line intensities in the spectral analysis of the data. It is also
known as a ’cutoff’ method after sharp vertical lines observed at the point of
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Figure 1.9: The range-time diagram showing the transmission mode used
for Arecibo experiments. Here τ = 500µs. Dashed lines show
altitude slices. Lighter gray areas show unambiguous ranges,
while the darker gray areas show range overlap. This is be-
cause the received signal was sampled as the same interval (τ )
as the transmit signal. The received signal is integrated over an
entire pulse length. The signal received from the darker gray
regions come from the same altitude, hence showing an over-
lap of signals in consecutive range gates.
sharpest gradient in the electron density profile. If there are very thin density
layers with sharp peaks and valleys with a scale height much smaller than the
pulse length, they will be reflected quite precisely in the spectra. An advantage
of transmitting a really long pulse like this is to The data shown in Chapter 3
and wave data in Chapter 4 resulted from this phenomenon.
The signal is received at the rate of 5 MHz. In some experiments, only one re-
ceiver channel was used with a 5 MHz bandwidth centered at 430 MHz, the
32
Figure 1.10: From Figure 1 in Showen (1995) showing the expected plasma
lines at peaks and valleys of the electron density profile. Note
the sharp edge of the plasma line where the electron concen-
tration is highest in a small range of altitudes.
transmitter frequency. In later experiments displaying a 10 MHz bandwidth,
two separate 5 MHz receiver channels were used for up and down shifted spec-
tra. The two channels have slightly different gains, which is often apparent
in the images showing experimental spectra. To get the spectra, the raw data
are first divided into range gates. The number of range gates depends on the
total number of samples collected by the receiver system. The old analog re-
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ceiver system normally employed at Arecibo does not have a large enough data
buffer or the data rate to store all the samples in one IPP. For experiments with
5 MHz total bandwidth (August 2004, December 2005), the data were taken on
the analog system and only 6 range gates were obtained. The first four range
gates span from 100 to 400 km. Above this, the F-region is in topside and the
densities are low compared with the F-region. In recent years, a new digital re-
ceiver system using EchotekTM processors has been employed on experimental
basis at Arecibo that is capable of receiving on multiple channels with a wider
bandwidth. The experiments with total 10 MHz bandwidth were taken using
this system with two separate 5 MHz channels centered at 2.5 MHz above and
below the transmitter frequency.
The signal data come from E and F region altitude ranges, while the noise data
come from averaging the range gates near the end of the 10 ms gate delay. No
separate noise samples were taken in these experiments. The receiver filter is
1-to-1 matched to the transmitter pulse. No pulse compression technique was
used for these experiments. Each sample is 200 ns long. A 1-D Fast Fourier
Transform (FFT) is then applied to the complex signal in each range gate. The
spectral resolution is 2.44 kHz. The power spectral density calculated thus is
plotted over the 5 MHz bandwidth to get the entire spectrum after subtracting
noise data from the signal data.
It is important to note here some problems with the data obtained for this thesis.
Every radar has a ”system constant” that takes into account inherent equipment
variabilities and compensates for them. There are various ways to measure this
constant. For a phased array like the Poker Flat IS radar for example, the system
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constant is look-direction specific since the gain of a phased array varies with
the look-angle. However, the Arecibo radar does not have a standard way of
measuring the system constant, which is a problem. The system constant then
plays a crucial role in measuring the absolute power of the received signal. The
received power can be written as,
PR =
PT τ
Range2
Ksys
Ne
(1 + k2λ2de)(1 + k
2λ2de + Te/Ti)
[Watts] (1.35)
A bulk of this power resides in the the ion line and is proportional to the electron
density. Here τ is the transmitted pulse length. To use the received power to es-
timate electron density, one must first calibrate for the system constant, Ksys.
To calculate the system constant for individual experiments, this requires using
independent measurements of electron density and electron and ion tempera-
tures. The standard procedure is to use the electron density from an ionosonde,
or a plasma line if there is one available with a reasonable altitude resolution
(this is generally achieved by ’coding’ the long pulse thus improving the range
resolution to about 150 m (Djuth et al., 1994)) that is a more precise measure of
electron density than that from an ionosonde. Electron temperature one would
get from fitting the spectral shape. The problem with calculating Ksys for our ex-
periments is that the scatter is smeared over 75 km, and the only precise plasma
lines we see are from peaks in layers that may or may not represent the true
value of electron density. There are also no higher altitude resolution indepen-
dent measurements of plasma or ion lines in order to optimize the temporal
resolution. But in theory, one could interleave transmission modes to get such
measurements and use those to get an estimate for overall electron density and
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temperature. Another problem is that there is no standard calibration for power
for these experiments. At some radars a calibration pulse of known power is in-
jected in the transmitted signal that helps convert the received signal into Watts
(PR = PCal(Signal − noise)/(Cal − noise)). At Arecibo, such a calibration pulse
is not used. So the power estimates are not entirely accurate. Some power esti-
mation of the received signal will be attempted in the Chapter 2, but calculating
absolute power for these experiments remains a problem.
5 MHz bandwidth is much wider compared to the standard ion line band-
width of 250 kHz, which is what is usually observed with most radars. Such
wider bandwidth is needed in order to observe the high frequency (compared
to ion line) electron component behavior over changing geophysical condi-
tions. Wider receiver bandwidth also means higher receiver noise (Noise =
kBTsys(BW )), which can be detrimental to the detection of weak features in the
spectrum. The system temperature of the Gregorian assembly is ≈ 80oK. The
filter function for the new digital receiver channels at Arecibo is flat over almost
the entire 5 MHz bandwidth and drops very rapidly at the ends, hence the noise
bandwidth is almost 5 MHz. Since the Arecibo antenna has a physical area of
pi(1502)m2, the extremely high gain resulting from this helps elevate the signal
level significantly above the noise floor. The effective aperture of the Grego-
rian system is pointing dependent, and is ≈ 0.3 × 106m2 at 430 MHz for angles
between 15o and 19o, which gives 0.4 as a ratio of Aeff and Aphys. Note that
Arecibo cannot point lower than 19.6o off zenith. The noise performance of the
Gregorian system is also better than the line feed since the received signal is fo-
cused on a single point instead of a line. The product of transmitter power and
antenna aperture is directly proportional to the radar sensitivity. In comparison,
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Poker Flat IS radar that transmits at a similar frequency and same transmitter
power level as Arecibo has the area of 900 m2 (when operated including all the
array elements) that reduces the power-aperture product by at least two orders
of magnitude. Other factors that affect the noise performance are hardware
components integral to the mono-static radar transmitter/receiver assembly.
This makes a significant difference in observing scatter from low-energy elec-
tron waves. While the Poker Flat radar can observe higher frequency plasma
lines with a reasonable sensitivity, as shown in Chapter 4, the gyro line would
be extremely difficult to detect even if the aspect angle requirement was met in
theory (which it does not due to the radar being at polar latitudes). The Arecibo
radar is so far the only facility where the gyro line has been unambiguously
measured with a good enough accuracy to infer geophysical parameters.
1.4 Thesis objective
This thesis is an effort to use the full incoherent scatter spectrum, including the
electron component to derive crucial ionospheric parameters during low elec-
tron density conditions. The ion line is primarily used for this purpose at every
radar facility, which needs to be calibrated using the electron density from an
external instrument like an Ionosonde. Some facilities have begun to make use
of the plasma line to calculate absolute electron density to normalize the ion line.
High altitude resolution plasma line measurements are only possible during the
daytime, even at Arecibo. Chapter 2 in this thesis describes using the frequency
of gyro line, the lesser known cousin of the plasma line, to obtain absolute elec-
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tron densities during dawn, dusk, and most of the night time. The absolute tem-
perature measurements at night still remain a problem. Chapter 3 in this thesis
describes getting absolute electron temperature from a ”split” in the plasma line
at second electron gyro-harmonic, which at Arecibo is normally seen during the
dawn hours, before the local sunrise. When observed with a long pulse, the
plasma line comes from the region of maximum electron concentration, thus
allowing to detect sharp peaks and valleys in the electron density profile. This
property can be used to see the propagation of atmospheric gravity waves in the
thermosphere, as shown in Chapter 4. Normally the atmospheric gravity wave
detection requires using filtering techniques to determine the periodicity. The
variations observed in the plasma line provides the base period to create such a
filter for a finer altitude resolution gravity wave detection. The advantage of us-
ing frequencies of gyro and the plasma lines is that the frequency measurements
are more accurate than measuring the shape (area under the curve). Moreover,
high spectral resolution observations of these lines can help observe weak lay-
ers and small period waves in the ionosphere that may be playing an important
role in driving larger scale phenomena.
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CHAPTER 2
GYRO LINE
2.1 Introduction
As noted in Chapter 1, the gyro line is weaker than to the ion line or even the
plasma line, and due to its strong dependence on the angle between k and B,
it can, in theory, be observed at mid and high latitudes. At equatorial latitudes,
the condition me/mi ¿ sin2 φ is no longer true and the gyro line frequency can
be approximated as the frequency for the lower hybrid waves (ω ≈ √ΩeΩi).
The first reported measurements of the gyro line were made using the Arecibo
radar by Behnke and Hagen (1978). It was a difficult detection that required 2
hours of integrating both day and night time incoherent scatter (IS) spectra (see
figure 2.1 for daytime observations shown in this paper). Since it was difficult
to observe the gyro line even with the most sensitive radar in the world and
was generally considered devoid of any useful information, it was not studied
in detail for quite a few years after these initial observations. Further theoret-
ical and experimental research was conducted at the EISCAT radar facility by
various researchers (Bjørna˙ et al., 1990; Malnes and Bjørna˙, 1993; Malnes et al.,
1996; Shume, 2000) with ambiguous results (see figure 2.2). Recently, for the first
time, high spectral and temporal resolution spectra obtained using the Arecibo
radar show a distinct presence of the gyro line (Bhatt et al., 2006). These observa-
tions were followed by Janches and Nicolls (2007) showing diurnal variations in
the gyro line frequency also using the Arecibo radar. This prompted revisiting
39
Figure 2.1: Figure 4 from Behnke and Hagen (1978) showing daytime obser-
vations of the gyro line from the E region after 2 hours of inte-
gration and a fit according to the calculations of Perkins (1963).
the original theory by Salpeter (1961) and numerical calculations of the same by
Perkins (1963). This analysis suggested that during the low electron density con-
ditions, namely dawn, dusk and most of the night, the gyro line frequency and
intensity are very sensitive to the electron density. This property can be used to
get absolute measurements of the electron density in the absence of the plasma
line that is enhanced by the energetic photoelectrons. This chapter presents the
data from multiple Arecibo experiments and comparison with the theory.
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Figure 2.2: Figure 4 from Malnes et al. (1996) shows power profile observa-
tions of anomalous enhancement in E region at 200 kHz offset
with the EISCAT UHF radar. The horizontal axis gives power
in arbitrary units while the vertical axis shows altitude in km.
The authors speculate the enhancement to be coming from the
gyro line.
2.2 Experiments
Nearly thirty years after Behnke and Hagen (1978), a new set of gyro line ex-
periments was carried out at the Arecibo Observatory during the PARS (Polar
Aeronomy and Radio Science) Summer School in August 2004. These exper-
iments were performed during the dawn hours on August 15 and 18. Since
the gyro line is very weak in the spectrum, we transmitted an ”uncoded” long
pulse. This meant that the returned signal would be integrated over a range
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of altitudes specified by the pulse length, thus enhancing the signal above the
noise floor. The tradeoff is that while ensuring good signal-to-noise ratio, this
pulse mode gives a poor altitude resolution. For this experiment, the pulse
length was 500 µs giving a 75 km range resolution with an inter-pulse period
(IPP) of 10 ms. The received signal was sampled every 200 ns, which means that
the signal was received over 5 MHz bandwidth. The radar pointing was 349◦
in azimuth, corresponding to the declination of the magnetic field, and 19.6◦
offset from the zenith on Aug. 15. The dip angle at Arecibo is 49◦ and hence α
was 60.6◦. The bandpass for the received signal was from 427.5 to 432.5 MHz.
On Aug. 18, all parameters were kept identical except for the angle α, which
was 55.6◦. The spectra from these experiments were integrated for 6 minutes
initially (Bhatt et al., 2006). Further analysis indicated that both the gyro and the
plasma lines could be well distinguished in the spectra even with 20 seconds in-
tegration. More experiments followed in December 2005, November 2006, and
August 2008.
2.2.1 Results
The incoherent scatter spectra were obtained from four different altitude re-
gions depending on the radar pointing angle and range. For August 15, the
altitude gates were centered at 141, 212, 282, and 353 km, with a resolution of
± 34 km. Figure 2.3 shows spectra from these four altitudes. Figure 2.4 shows
a frequency-time-intensity image from two lower heights and figure 2.5 from
two higher heights during the period 0554 - 0652 LT on Aug. 15 2004. All four
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heights show ion line at the center frequency of 430 MHz, which is denoted in
the images as 0 MHz offset. The strongest plasma and the gyro line returns were
observed at 212 km range gate. Morning twilight at 282 km, 212 km, and 141
km occurred at 0458, 0531, and 0547 local time according to the US Naval Obser-
vatory sunrise/sunset calendar (http://aa.usno.navy.mil/data/docs/
RS OneYear.php). In fig. 2.4, a strong gyro line trace appears in both the range
gates from the start of the experiment, while for the first 20 minutes of the ex-
periment, the plasma line trace is only faintly visible. The gyro line frequency
reaches 0.5 MHz by 0610 local time and remains steady till the end of the ex-
periment. Note the relatively measurable change in the gyro line frequency that
occurs while the electron density is lower as indicated by the frequency of the
plasma line and the thickness of the ion line, both of which are proportional to
the electron density.
Figure 2.6 shows spectra for 221 km altitude on Aug. 18 during the period 0533
- 0753 local time. The radar was pointing at 19.6◦ off zenith from 0533 - 0627 LT,
and changed to 10.6◦ making α = 55.6◦ at 0633 LT. With the change in angle, the
gyro line offset changes from 500 kHz to 570 kHz, consistent with 1.23. Such
a change in the gyro line frequency can only be attributed to the change in the
angle since the change in the altitude with the angle is negligible and the value
of B does not change drastically within 10 km.
Further observations of gyro line were carried out in December 2005 and No-
vember 2006. Radar parameters were the same as that on August 15, 2004. Up-
shifted spectra from the evening of Dec 23 are shown in figure 2.7. As the time
43
Figure 2.3: Spectra from August 15 experiment for four altitude bins. The
up and down shifted gyro lines are visible at≈ 400 kHz and are
indicated with arrows, while the other up and down shifted
resonance lines between 1 and 2 MHz are plasma lines. The
gyro line intensity here ranges from 0.8 to 2.5 × 1011 in units
of un-calibrated signal power minus noise depending on the
altitude. These spectra have been integrated for 6 minutes
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Figure 2.4: The spectra received at the lower two range gates that show
the presence of the ion line at the center frequency, the plasma
line from 1.2 MHz to 2.5 MHz, and the gyro line from 0.35 MHz
to 0.5 MHz. The trace visible in both figures just above the ion
line trace is interference from unknown sources. The color scale
indicates un-calibrated signal power after noise subtraction.
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Figure 2.5: The spectra received at the higher two range gates. While the
upper image from 282 km shows only faint traces of plasma
and gyro lines along with a stronger trace for the ion line, the
lower image from 353 km shows only the ion line in the center.
The color scale indicates un-calibrated signal power after noise
subtraction.
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Figure 2.6: The spectra received on August 18 when the radar pointing
angle was changed from 19.6◦ to 10.6◦ off zenith between 0627
and 0633 LT. The gyro line offset changed from 500 kHz to 570
kHz corresponding with the cosine of the angle α. The color
scale indicates un-calibrated signal power after noise subtrac-
tion.
passes, the electron density decreases and is reflected in both the plasma and
the gyro line offsets. The spectra plotted there are separated by 2 minutes. The
figure indicates the change in the gyro line frequency is much slower than the
change in the plasma line frequency, which is a direct measure of the electron
density with minor corrections for electron temperature and magnetic field.
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Figure 2.7: The spectra observed on December 23, 2005. The progression
in time is indicated by increasing the intensity of the spectra by
a constant. The y-axis thus has arbitrary units of intensity. The
spectra plotted here are separated by 2 minutes in time that
goes from 1730 to 1750 LT. Note that a distinct gyro line can be
seen in these spectra after the plasma line has disappeared.
2.3 Sensitivity to electron density
Shume (2000) had explored the theoretical aspects of varying electron density
and electron temperature on the gyro line cross-section for EISCAT conditions,
based on the calculations in Bjørna˙ et al. (1990). The theoretical results arrived
at by these authors however do not agree with the calculations or observations
presented in this thesis. We used full spectrum analysis to compare with exper-
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imental results, an example from which was shown in figure 1.7. This analy-
sis was first employed by Nicolls et al. (2006) and has been used here to com-
pare with the observations from all subsequent experiments. More accurate
frequency offsets calculated using the full spectrum analysis are shown in fig-
ure 2.8. These calculations have assumed that Te = Ti = 863oK. The analytical
equation 1.23 for gyro line works in a limited sense and fails to accurately mimic
the full spectrum results for higher densities. Adding the thermal term in the
analysis from the beginning leads to complicated terms that are difficult to take
approximations for. Therefore we attempt to use two analytical solutions in dif-
ferent frequency regimes, based on the electron wave behavior in those regimes.
For ωp < Ωe
ω2GL = ω
2
p sin
2 φ (2.1)
For ωp ≥ Ωe
ω2GL = Ω
2
e
[
ω2p
(Ω2e + ω
2
p)
+
3
2
k2v2the
Ω2e
]
sin2 φ (2.2)
The resulting behavior is graphed in figure 2.8. This is estimated from the be-
havior of electron cyclotron wave in different frequency regimes. When ωp < Ωe,
as ω approaches the resonance at Ωe, the electron inertia limits the mobility of
electrons along the magnetic field lines to neutralize the charge generated by the
motion perpendicular to the magnetic field lines (Stringer, 1963). As the elec-
tron density increases, the frequency tends to ωp sinφ. As it further increases the
electron pressure gradient becomes dominating restoring force, and the wave
becomes electron acoustic wave with a frequency
√
3/2kvthe sinφ, which con-
tinues till ω reaches Ωe sinφ (Stringer, 1963). The gyro line is part of the low
frequency branch of the Whistler mode wave, and can be interpreted as a scat-
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ter from electron cyclotron waves. An appropriate analytical expression for the
resonance would then seem to be adding the electron acoustic wave to the res-
onance, which seems to give a better analytical approximation in this regime as
indicated in figure 2.8.
The figure 2.8 shows multiple curves - full spectrum analysis including and
excluding ions, and approximate gyro line expression with and without tem-
perature. The ions correct the curve by ≈ 50kHz at low densities and ≈ 25kHz
at higher densities. (Note: The electron temperature used in these plots has
been estimated using the plasma line observations described in Chapter 3. The
electron density derived from experimental values will be shown in Chapter 3,
figure 3.6.) Conversely, we calculated the electron density from the gyro and
the plasma line frequencies extracted from the computed spectrum, using equa-
tions 1.28, 2.1 and 2.2. The densities are shown in the figure 2.9. The ’jump’
in the plasma line derived electron density is the subject of Chapter 3. Suffice
it to say that using the plasma line to derive the low values of electron density
requires more sophisticated fitting than simply using the plasma line frequency.
The comparison is shown with the actual electron density used to compute the
spectrum. For the values of 1 × 1010 to 4 × 1010/m3, the density derived using
2.2 is very close to the actual values. Below 1 × 1010, the equation 2.1 gives
much more reasonable densities, as indicated by the bottom panel in figure 2.9.
Although the plasma line frequency also gives density values close to the ac-
tual values in this regime, these densities correspond to plasma line frequencies
below 1 MHz that even the Arecibo radar cannot observe. These are also the
densities occurring during dawn, dusk and night time. We know from Janches
and Nicolls (2007) that the gyro line is present all night during various seasons.
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Figure 2.8: Gyro line frequency vs. varying electron density for Te =
863oK and φ = 30o. The temperature is determined from
the plasma line data in Chapter 3. The analytical expression
has two parts. The approximate expression without Te dif-
fers from the full spectrum analysis calculations by about 100
kHz. Adding thermal term for densities higher than 1×1010/m3
gives a better approximation for the gyro line frequency.
Next we derive electron density from the observed spectra on December 23,
2005 in the same way. The observed spectra are plotted in 2.10. The electron
densities derived from resonance lines are plotted in 2.11.
The gyro line is better detected at low electron densities than plasma line. To
compare the observed intensity values to the theoretical ones, we refer back
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Figure 2.9: Comparing Ne derived using equations (3.1), (2.2), and (2.1)
with actual values of Ne used to calculate the spectra from
which the plasma and gyro line resonances were extracted. The
jump in the plasma line derived Ne will be explained in Chap-
ter 3.
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Figure 2.10: Observed spectra from December 23, 2005 at 217 km are plot-
ted over time. The plasma line trace is visible at frequencies
> 1 MHz and the gyro line trace is visible starting at 500 kHz.
The line in the center is the ion line. The color scale indicates
un-calibrated signal power after noise subtraction. The nega-
tive values on the colorbar are to increase the contrast in the
image.
to equation 1.35. Chapter 1 described problems in calculating accurately the
system constant for the Arecibo radar. We shall attempt to estimate a system
constant anyway from the available data using the equation 1.35. We compared
the computed spectra for electron density values shown in figures 2.8 and 2.9
with the observed ones, which indicated that the observed densities should be
in the same range of values that the theoretical spectra are computed for. We
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Figure 2.11: Ne derived from observed spectra on December 23, 2005 us-
ing analytical expressions for resonance lines. The jump in
the plasma line (blue curve) derived Ne near the beginning
of the plot will be explained in Chapter 3. After 1830 LT, it
was difficult to detect the plasma line, which is indicated by
noise-like values. The green curve shows the gyro line from
eq. 2.2. It works close to Ne = 1010/m3, below that gives neg-
ative values. The red curve is Ne derived using eq. 2.1 and
gives reasonable values until after the sunset, which was at
1915 LT at F-region altitudes.
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took one value of electron density of the order of 1010/m3, and same values
for other parameters used to compute the theoretical spectra i.e. Te = 863oK,
B = 35000nT . We used PT = 1.8MW , τ = 500ns, Range = 217km, multiplied
the right-hand side of the equation with number of pulses integrated to pro-
duce the experimental spectra = 2000 and used the power under the ion line
in observed spectra as PR. This PR is simply Signal - Noise. It is not in the
absolute units of Watts since no calibration pulses were inserted in these exper-
iments. The received signal and the noise subtracted, both have some unknown
parameters inherent to the system that cannot be determined accurately since
no calibration pulse was injected for these experiments. This is the reason why
the spectral intensity is listed as ’un-calibrated’ signal power after noise sub-
traction in figures showing experimental data, and it is not in the absolute units
of Watts. We estimate that the transmitted power should not have changed
drastically during the period of the experiment on December 23, 2005 and that
most unknown factors remained constant throughout the experiment. The Ksys
should take care of some of these inherent factors, though not all. Ksys calcu-
lated thus is of the order of 0.5 − 1 × 1016[m5/s × Calibrationfactors]. Figure
2.12 shows spectra computed with the full spectrum analysis scaled according
to 1.35 and above mentioned values, compared with the observed spectrum for
approximately the same value of electron density derived using the gyro line
frequency. The resonance line intensities or widths do not compare absolutely
because the theoretical spectrum is only scaled with radar parameters, while the
observed spectrum has been affected by range smearing as described in Chapter
1. This is also the reason that the observed plasma line has a sharp edge consis-
tent with a sharp gradient in the electron density profile, while the theoretical
spectrum does not.
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Figure 2.12: Theoretical spectrum compared with the observed spectrum
for same value of electron density derived using the analyti-
cal expression for the gyro line. The y-axis here is [equivalent
to] un-calibrated signal power after noise subtraction. Note
that the intensities of the resonance lines do not compare ab-
solutely.
Note that the theoretical spectra need to be corrected for Ne, i.e. scaled by the
factor Ne/(1 + k2λ2de)(1 + k
2λ2de + Tr) in order to be compared with the observed
spectra. Figures 2.13 and 2.14 present the theoretical spectra for various values
of electron density uncorrected and corrected for Ne respectively. Figure 2.14 is
also scaled by the system constant for Arecibo radar as estimated above. The
parameters used to compute these are as above (Te = Ti = 863oK, B = 35000nT ,
φ = 30o). Note how the gyro line intensity is drastically affected by this scaling.
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Figure 2.13: Theoretical spectra for a variety of electron density values and
other geophysical parameters mentioned in the text. Note
how the gyro line intensity changes with the electron density.
The gap in the spectra at 2 MHz will be explained in Chapter
3. The spectral intensity on y-axis here is Cross section ·Hz−1
and plotted arbitrarily.
Also note that only the resonance line intensities are affected by this scaling, and
not the frequencies. This is consistent with spectra shown in fig. 2.7.
Figure 2.15 shows the intensities of both resonance lines over a range of electron
densities observed. Though the absolute intensities do not match, the shapes of
the curves do. To better see the shape for the gyro line intensity, the observed
and theoretical values are plotted in figure 2.16.
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Figure 2.14: Theoretical spectra calculated for a variety of electron density
values corrected for Ne and same parameters as fig. 2.13, with
dimensionless intensity in fig. 2.13multiplied by the system
constant estimated from observations. While the relative in-
tensities of the plasma lines do not change compared with fig.
2.13, the gyro line intensity is most affected by this scaling. For
Ne < 1 × 1010/m3, the gyro line is easily detected compared
with the plasma line. The y-axis here is in the same units as
the data i.e. un-calibrated power , but with arbitrary values in
order to show all spectra in one image.
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Figure 2.15: Comparison of computed gyro and plasma line intensities
with those observed on Dec 23, 2005, evening time experi-
ment. The y-axis is [equivalent to] un-calibrated signal power
after noise subtraction. While the absolute intensities do not
compare, the observed values follow the same shape as the
computed ones. The electron density on x-axis is from fig.
2.11
We argue that the gyro line is better suited to derive the absolute value of elec-
tron density for dawn, dusk and night time. Figure 2.17 shows the resonance
line intensities over time on December 23, evening time observations. The
plasma line intensity decreases after 18:00 LT, but the gyro line intensity de-
creases some 20 minutes after that. It can also be detected until the end of the
experiment. The plasma line ”reappears” in the spectrum at 19:45 LT and the
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Figure 2.16: Observed and theoretical gyro line intensities plotted vs. elec-
tron density. The theoretical values are scaled to fit the ob-
served values to better indicate the shape of the curve. The
y-axis is [equivalent to] un-calibrated signal power after noise
subtraction. The theory and experiment agree very well. Note
that the observed density values are as derived in fig. 2.11.
gyro line intensity increases slightly after it has disappeared again. This reap-
pearance is attributed to either a density layer drifting in the view of the radar in
this frequency range, or conjugate photoelectrons. The local sunset in F-region
was at 1915 LT, while the conjugate sunset was at 1924 LT at Arecibo.
Although the electron density may be derived with this method, to make a bet-
ter use of this functionality, measurements with higher altitude resolution need
60
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Figure 2.17: Power under the gyro and the plasma lines over time on De-
cember 23 evening for 217 km range gate. The intensity here is
un-calibrated signal power after noise subtraction ·Hz. Note
that the gyro line is accurately detected throughout the ex-
periment time, while plasma line detection yields noise-like
values between 18:45 - 19:45 LT.
to be achieved. While transmitting the radar pulse without any coding helps
improve the signal-to-noise ratio markedly, the altitude resolution gets sacri-
ficed.
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2.3.1 Interpretation and usage
Figure 2.18 shows spectra during dawn time. The The dawn time spectra were
received using two separate channels, each 5 MHz wide. A plasma line trace is
present from the beginning of the experiment, which was 0400 LT, starting at 3
MHz, and a strong gyro line trace is also seen at the same time, starting at ≈ 0.5
MHz. However, looking closely, a weaker gyro line trace can be seen at an offset
of ≈ 0.3 MHz. At 0700 LT, a plasma line trace appears at ≈ 1.5 MHz and at the
same time, the frequency offset of the weaker gyro line trace increases to almost
merge with the stronger gyro line trace mentioned above. The two traces, both
in the plasma line and the gyro line, are indicative of intermediate layers in the
mid-latitude E and lower-F region. These two intermediate layers have been
observed regularly at dawn time in winter months.
During December 2005 experiments, both the gyro and the plasma lines disap-
peared after the local sunset in F-region. However, on most days they reap-
peared in the spectra after some time. Figure 2.19 shows the spectra for De-
cember 22. Both the resonance lines almost disappear by 1850 LT, plasma line
before the gyro line. The local sunset in F-region was at 1914 LT, however both
the plasma and the gyro line are present almost an after that time as well. The
plasma line shows 2 distinct traces indicating two layers. The gyro line during
the reappearance is also much stronger than the plasma line. The power un-
der the ion line did not increase, indicating no increase in the ionization. This
is also indicated in figure 2.20, where the spectra from another such event on
December 23 are shown at four different altitudes and the gyro lines are more
62
Figure 2.18: Dawn time IS spectra over time as observed using the Arecibo
radar showing the upshifted gyro line and plasma line traces.
Each gyro line trace corresponds to a plasma line trace. There
are two plasma line traces, one beginning at 0400 LT at 3 MHz,
and the other at ≈ 1.2MHz at 0650 LT. The corresponding
gyro line trace for the former is visible from 0400 LT and with
little change in the frequency. For the latter, the gyro line trace
begins at 0500 LT, much earlier than the plasma line trace. The
color scale for intensity indicates un-calibrated signal power
after noise subtraction and is same as that in figs. 2.4, 2.5, and
2.10.
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Figure 2.19: Dusk time spectra on December 22 showing the reappearance
of gyro and plasma lines after sunset. The sunset in F-region
was at 1914 LT. The figure also demonstrates how gyro line
is much stronger and well defined than the plasma line dur-
ing this reappearance. The color scale indicates un-calibrated
signal power after noise subtraction.
prominently seen than the plasma lines. The F-region sunset on Dec 23 was at
1915 LT. We see very clear gyro lines at three bottom altitudes - 145, 217 and 289
km at 250, 450 and 500 kHz respectively. The plasma lines however are weaker
compared to the gyro lines and can be clearly seen only in the spectrum at 217
km. Note how thin the ion line in the center is.
One speculation about the reappearance of these lines is the presence of conju-
64
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Figure 2.20: Dusk time spectra on Dec 23 from four altitudes centered at
145, 217, 289 and 362 km from bottom to top at 1958 LT. The
x-axis is frequency in MHz and the y-axis is spectral inten-
sity in arbitrary units since the values have been tweaked to
make them appear on a single figure. We see no plasma line at
145 km, only gyro lines near 250 kHz, plasma line at 1.4 MHz
at 217 km and the gyro lines at 450 kHz, extremely faint and
broad plasma lines at 1.5 MHz at 289 km and prominent gyro
lines at 500 kHz, and no clear lines at 362 km altitude. The in-
tensity values are un-calibrated signal power after noise sub-
traction and arbitrary since they are tweaked to fit all spectra
in one plot.
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gate photoelectrons. Another possible cause may be that a layer of ionization
drifted in the frequency band we were observing. The former seems somewhat
unlikely since the conjugate F-region sunset (Arecibo’s conjugate point is near
Bahia Blanca on Argentine coast) was at 1924 Arecibo local time, not that dif-
ferent from the Arecibo F-region sunset time. If a layer indeed drifted in the
frequency band, it seems to be a recurring phenomenon, and requires more ob-
servations.
2.4 Conclusion
Presented here are observations and theory of a resonance line in the IS spec-
trum that exists only in the presence of a magnetic field. In mid-latitude
ionosphere, the gyro line is a ubiquitous feature at E and the lower F region,
where the radar aspect angle can be matched to observe the line and the electron
temperatures are low enough to ensure a sharper resonance line. At higher al-
titudes, as the electron temperature increases significantly, the line gets broader
and requires much longer integration times to be detected. Observations pre-
sented in figures 2.3 to 2.5 were the first clear observations of the gyro line with
the Arecibo radar. The gyro line seems to particularly get stronger at lower
electron density values. The results described here seem to indicate a more
closer relationship between the plasma and the gyro line energies than previ-
ously thought. At lower electron densities, when the plasma frequency gets
closer to the electron gyro frequency, the plasma line essentially seems to trans-
fer the energy into the gyro line resonance.
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The gyro line during dawn and dusk can be used as a measure for absolute elec-
tron density. This technique can be used to calibrate the ion line power during
night time. The gyro line can also be used to detect thin intermediate density
layers and investigate their structure. These layers play a significant role in the
dynamics of the mid-latitude ionosphere. Although the data presented here
have indeed very coarse altitude resolution, the observation beg the need for
a better observation technique that can yield higher range resolution without
greatly compromising the frequency resolution.
So far, only the Arecibo radar has been able to unambiguously detect the gyro
line. This is also true for low frequency plasma lines. Since low frequency res-
onance line intensities come from the thermal electrons primarily, the signal is
relatively weaker as compared with the high energy photoelectrons enhanced
plasma lines. The Arecibo radar has the largest power-aperture product of any
known incoherent scatter facility. While other radars have been able to detect
the plasma lines at higher frequencies successfully, the low signal-to-noise ra-
tios resulting from lower power-aperture products do now allow them to detect
the weak gyro line (and low frequency plasma line) signals above the noise floor.
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CHAPTER 3
PLASMA LINE
3.1 Introduction
The plasma line is the larger root of the dispersion relation of the magnetized
plasma and can be interpreted as scatter from the Langmuir (electron plasma)
waves in the ionosphere, which are enhanced above their thermal energy level
by the presence of energetic photo-electrons during the daytime (Perkins et al.,
1965). The plasma line frequency can be used as a precise measure for the
plasma frequency and consequently the electron density (e.g., Showen, 1979;
Djuth et al., 1994), and also to obtain electron temperature using slight asym-
metries in the up- and down-shifted lines (e.g., Nicolls et al., 2006). Langmuir
waves are electrostatic waves and are not affected by magnetic field changes.
The plasma line resonance however, does have a magnetic field term in it and
the frequency offset is slightly affected by the magnetic field at higher Doppler
shifts. At low frequencies (near 2nd electron gyro harmonic), the frequency and
the width of the plasma line are significantly affected by the magnetic field and
the angle between the radar wave vector (k) and earth’s geomagnetic field lines
(B) (Salpeter, 1961; Perkins, 1963). These effects are predicted in the standard IS
theory with the magnetic field included in it, but until recently had not been
observed. This chapter presents first observations of the magnetic field effect
on the plasma line frequency when the plasma frequency is close to the second
electron gyro harmonic.
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As described in Chapter 1, the approximated plasma line frequency can be given
as,
ω2 = ω2p +
3
2
k2v2the + Ω
2
e cos
2 φ, (3.1)
This approximated frequency works as long as ω2p À Ω2e, and the magnetic field
plays a negligible role. When ωp is close to Ωe, the magnetic field and the angle
with the magnetic field play a much larger role. When we consider the contri-
butions from frequency bands not previously considered namely, those close to
the electron gyro harmonic, it introduced strange behavior. The following sec-
tions discuss theoretical predictions along with the experimental evidence that
near the second electron gyro harmonic, the plasma line essentially splits into
two lines separated by kvthe/2pi, if the right aspect angle condition is met.
3.2 Splitting of Plasma line
Experiments described later in this chapter were conducted during the morn-
ing and the evening periods during the winter months (December 2005 and No-
vember 2006) at Arecibo, to investigate the effects of conjugate photoelectrons
on the electron component of the IS spectrum. The observations showed a split
in the plasma line when the plasma frequency passes through the second elec-
tron gyro harmonic. This effect was predicted in the early days of incoherent
scatter theory (Salpeter, 1961), when it was noted that the dispersion relation for
electron plasma waves exhibits ”frequency gaps” (no roots) at some multiples
of the electron gyro frequency (Gross, 1951; Bernstein, 1958). Instead, two roots
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appear, one on either side of the frequency gap (Perkins, 1963). The existence of
these so-called ”frequency gaps” in theory was met with doubt initially (Oster,
1960), despite theoretical confirmations using a different approach by Salpeter
(1961). The practical implication of these predictions is that when the plasma
frequency is near a gyro harmonic, the plasma line can split into two lines. First
ever observations of this ”split” are presented here with the supporting theory.
3.2.1 Predictions from theory
The expressions derived in Chapter 1 only took values of |xne| À 1 into account.
Now if we try to estimate the contributions from |xne| ≤ 1 in the low density
regime, we find that it affects the intensity of the spectrum. Let us try to estimate
the contribution to the spectrum from the frequency band |nε−x| ≤ 1. For n ≥ 2,
we can add the next order to the expression for Y (x) from 1.20 (after rewriting
Y (x) to simplify taking the derivative) (Perkins, 1963; Salpeter, 1961),
Y (x) = 1− a
2
2
[
cos2 φ
x2 − ε2 −
sin2 φ
x2
]
+a2
∞∑
n=−∞,6=0,1,−1
(
cos2 φ
4ε2
)|n|
x
|n|!
f(xne)
xne sinφ
(3.2)
Y ′(x) is then given as,
Y ′(x) = a2x
[
cos2 φ
(x2 − ε2)2 +
sin2 φ
x4
]
+
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a2
∞∑
n=−∞,6=0,1,−1
(
cos2 φ
4ε2
)|n|
1
|n|!
(
f(xne)
xne sinφ
+
2x
sin2 φ
(f(xne)− 1)
)
(3.3)
The function P (x) will display resonances wherever slope of Y (x), i.e. Y ′(x)
is zero. This depends strongly on the angle φ. From the above equation, the
condition for Y ′(x) to be zero at x = nε is,
nε
(
cos2 φ
ε4(n2 − 1) +
sin2 φ
ε4n4
)
=
(
cos2 φ
4ε2
)n
2nε
n! sin2 φ
(3.4)
Putting n = 2, the condition is,
cos4 φ
sin2 φ(1 + (7/9) cos2 φ)
= 1 (3.5)
Or,
φ = 34◦
For φ < 34◦, the plasma line will split into two resonance lines when the plasma
frequency is close to the second electron gyro harmonic. For φ > 34◦, the plasma
line will be broadened but not split. For higher values of n, φ requirement gets
smaller and smaller giving 15◦ for n = 3 and 4◦ for n = 4. Later it was shown
by Perkins (1963) that the split resonance lines are separated by kvthe/2pi and the
energy gets distributed in those two lines. However, it does not create a discon-
tinuity in the frequency spectrum, rather the frequency is the average of the two
resonance line frequencies above and below the gap, as indicated in figures 2.9
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and 2.11.
All the calculations in this analysis have been carried out with Arecibo radar
parameters. In Fig. 3.1, plotted are the electron density spectra using the Full
Spectrum Analysis method in the region of parameter space where the inter-
esting behavior occurs. The density is varied and the spectrum is plotted for
two different values of electron temperature, with constant φ = 30◦. It is ap-
parent that as the plasma line passes through the second harmonic of the gyro
frequency (denoted by the dashed line), it is split into two resonances.
In the limit of probing angle approaching perpendicularity, harmonics should
be observed at all gyro harmonics. We note that the limit of Arecibo scanning
is φ ∼ 30◦, however other systems could look for other harmonics (although
detecting the plasma line at low densities can be difficult with most IS systems).
In Fig. 3.2, plotted are the theoretical spectra for several values of α = 90◦ − φ
at a constant electron density 4 × 1010 m−3 and Te = 1000K. At about α = 55◦
we see the presence of the double hump, as expected. The lines get narrow
with increasing α. The separation of the humps is about kvthe/2pi, but does vary
slightly with α. The plasma line almost vanishing at α = 80◦ is the result of sinα
in =He approaching 0 as α is increased. However, the abrupt disappearance
can be attributed to the limited computing power that directly translates into
frequency resolution.
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Figure 3.1: Theoretical spectra calculated for two different values of elec-
tron temperature, varying electron density, and φ = 30◦. The
electron density increases from bottom to top. The split is
shown by the dashed line. The y-axis has the same units as
fig.1.7 in Cross section ·Hz−1, but are tweaked to fit in the same
plot and hence arbitrary.
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Figure 3.2: Theoretical spectra calculated for different values of α. These
spectra are calculated for Te = 1000K and Ne = 4.0 × 1010m−3.
For Arecibo parameters, the split occurs only in the range of
55o ≤ α ≤ 75o. The y-axis here indicates Cross section ·Hz−1
but the values are arbitrary and hence not shown.
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3.2.2 Observations
The experiments described here were the same as those described in Chapter
2 and carried out using the Arecibo 430 MHz IS radar (18◦20’ N, 66◦45’ W) in
Puerto Rico. A recap: In December 2005, evening experiments were conducted
in the period 1700-2000 LT (UT=LT+4). A 500 µs uncoded long pulse (=75 km
in range) with an inter-pulse period of 10 ms was transmitted to ensure a high
signal-to-noise ratio (SNR) for the returned signal in order to study the weak
features. The receiver bandwidth was 5 MHz (sampling rate = 0.2 µs). The
radar was pointed 349◦ in azimuth, aligned with the magnetic meridian, and
15◦ offset from the zenith towards north. The dip angle at Arecibo is close to 45◦
at E- and F -region altitudes, hence the angle between the radar pointing and
the magnetic field (α) was close to 60◦. All the spectra shown here have been
integrated for 20 seconds (2000 pulses).
The evening results reported here were taken on December 23 and are repre-
sentative of the observations on other days. The spectra were computed at four
independent altitude bins, centered at - 145, 217, 289, and 362 km. At 1700 LT,
the electron density was low (≤ 8 × 1010m−3, corresponding to a plasma fre-
quency of ∼ 2.5 MHz). The F -peak was around 250 km. The plasma lines were
observed at the two lower altitudes. Fig. 3.3 is a frequency-time-intensity (FTI)
plot at 217 km, showing the ion line centered at zero frequency offset, the gyro
line starting at an offset of 500 kHz, and the plasma line starting at an offset of
2.5 MHz that decreases with time. The color scale indicates un-calibrated signal
power after noise subtraction. The electron density decreases with time (plasma
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line moves towards the center). The plasma line trace is seen from 2.5 MHz end-
ing at ∼ 2.3 MHz, reappearing at ∼ 1.8 MHz and ending at ∼ 1.25 MHz. The
gap between the disappearance and the reappearance of the trace is ∼ 450 kHz.
The center frequency of this gap (where the split occurs) is ∼ 2 MHz, which is
close to the second electron gyro harmonic at this altitude, the magnetic field
intensity being 35000 nT (fce = 0.9MHz). The local sunset at this altitude was
at 1901 LT. The plasma line trace disappears ∼ 30 minutes before sunset. The
box inserted in Fig. 3.3 shows sample individual spectra at 1 minute intervals
between 1726 to 1742 LT (time progressing upward). The split occurs close to 2
MHz.
Fig. 3.4 shows a frequency-time-intensity plot for a morning experiment on
November 22, 2006 with considerably more spectral structure. The color scale
in this figure also indicates un-calibrated signal power after noise subtraction.
This experiment had the same parameters described above, except that the total
receiver bandwidth was 10 MHz. The plasma line can be seen to increase in
frequency from ∼ 1.2 MHz beginning at 0430 LT. When it reaches ∼ 2 MHz,
the split occurs and the plasma line ’jumps’ to an offset ∼ 450 kHz higher. This
plasma line indicates the presence of an intermediate layer of electron density,
which typically occurs between the F and the sporadic E layers at night and is
a result of the tidal oscillations in the neutral atmosphere (Kelley, 1989). Since
we transmitted a long pulse, we were also able to see what we believe to be
a second density layer occurring within the 75-km pulse, which starts to form
around 0700 LT at an offset of 1.5 MHz. This can be seen more clearly in the
subplot. The plasma line for this layer splits at 0730 LT, again at 2 MHz and
76
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it ’jumps’ to an offset of 2.3 MHz at 0737 LT. Note the wavy activity character-
istic of intermediate layers, which are sharp density layers consisting mainly
of metallic and molecular ions confined to a narrow region in altitude. These
observations, showing two independent plasma layers jumping in frequency at
the second electron gyro harmonic at different times, provide evidence that this
frequency is indeed a crucial parameter.
This behavior has been seen on several days. Figure 3.5 is a scatter plot of
plasma line observations from three evenings in December 2005. The split and
the enhancement in the plasma line intensity after it comes out of the split is vis-
ible on all three days. On some days, the plasma line reappeared in the spectra
after disappearing at local sunset. This reappeared line was weaker than before
but still exhibited the split at the second electron gyro harmonic.
Note that the gyro line does not seem to have any noticeable correlation with
the split in the plasma line. The gyro line can be seen in both figures 1 and 2 and
remains relatively constant in frequency close to the electron gyro frequency
multiplied by cosα, near ±0.5 MHz. This is also consistent with the IS theory.
3.2.3 Electron temperature measurements
As noted in the section 3.2.1, the split in the plasma line equal to kvthe/2pi. This
proportionality to the electron temperature can be used to infer absolute elec-
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Figure 3.5: Observed plasma line frequency offsets from three consecutive
evenings. The intensity on y-axis is un-calibrated signal power
after noise subtraction ·Hz. This plot suggests that the plasma
line split occurred everyday.
tron temperature for a particular value of electron density in the spectra. In the
dawn time observations, we see multiple density layers present that display the
split at different times and have different plasma line widths. Knowing the ab-
solute electron temperature for these layers tell us the energy of the electrons
that help form these layers. This temperature can also be used to calibrate the
gyro line frequency for electron densities. The advantage of using the split over
the intensities of lines is that the frequency is a more precise measure than the
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shape.
From the split displayed in figure 3.3, the dusk time temperature of this layer is
≈ 863oK, a value used for calculating the gyro line frequency in Chapter 2. The
electron densities calculated from the gyro line offsets using this temperature
is displayed in figure 3.6. The figure shows electron density derived from the
equation 2.1 then input into the full spectrum analysis and plotted alongside
the approximated values. Temperatures derived from the split during the dawn
time in two layers are different from each other, which tells us which layer is
from what altitude range. The split in the stronger layer, that appears earlier in
the spectra gives the temperature of≈ 724oK and the other layer gives≈ 500oK.
This indicates that the weaker layer is from a lower altitude while the stronger
layer was from a higher altitude range. This information will be used for a more
sophisticated fitting routine in the future.
3.3 Discussion
Presented here were results obtained from evening and morning time experi-
ments at the Arecibo Observatory, where we were able to make observations
of the entire IS spectra at low electron densities. As predicted by the IS the-
ory, when the plasma frequency is near the second gyro harmonic, the plasma
line splits into two resonances, and is greatly enhanced when it comes out of
the split. Our observations also indicate that the split occurs regardless of the
energy in (intensity of) the plasma line. The split plasma line in weak interme-
diate layers have been observed during morning experiments, when the layer
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tion 2.1. The derived density values are then input into the full
spectrum analysis to compare with the predictions of approxi-
mate equation. The data used are obtained on Dec 23 between
18:03 to 18:16 LT during the hour before local sunset.
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passes through second gyro harmonic. The split indicates damping that is con-
sistent with Landau damping (see (e.g., Chen, 1984) for description of Landau
damping)in the presence of a magnetic field. Yngvesson and Perkins (1968) gave
a detailed treatment of Landau damped plasma line for different conditions.
For thermal Maxwellian plasma, in weak magnetic field, i.e. ωp > Ωe, the Lan-
dau damping for angles 0◦ < α < 90◦ can be significantly greater than when
there is no magnetic field and depends strongly on the angle that is α. The Lan-
dau damping including the magnetic field is derived from =He (Yngvesson and
Perkins, 1968; Salpeter, 1961),
γB = ωp
(pi
8
)1/2
a3
∞∑
n=−∞
χne
sinφ
exp(−x2ne) (3.6)
The frequency shift here are in the multiples of gyro frequency. However, this is
still Landau damping because the electrostatic field of the wave interacts with
the electron motion. If after one gyro period, if an electron has the same phase
relationship with the electron plasma wave, then the wave-particle interaction
is stronger. For smaller frequencies and at intermediate angles, the thermal Lan-
dau damping depends strongly on the angle α. Figure 3.7 shows a graph of γB
for the experimental parameters and n = 2 for a varying α. At higher angles
between k and B, the damping is much greater. At k ⊥ B, the Landau damping
vanishes.
For values of εÀ 1/√2, or angles nearly perpendicular to B, or both, the Landau
damping strongly depends on whether the plasma line is close to an electron
gyro harmonic. For our case described here, ε = 2 À 1/sqrt2 and the angles
of interest are 55◦ < α < 65◦. So we would expect to see significant Landau
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Figure 3.7: Landau damping for x = 2ε for a range of angles between k
and B. γ here is in the units of s−1. It is much greater for angles
> 30◦. The relevant values for the experiments described here
are 56◦ and at 60◦.
damping. Figure 3.8 shows Landau damping for n = 2 and α = 56◦ vs. the
plasma line frequency. At these points, the spectrum shows either the split of a
broadened line depending on the angle.
Our observations pertain only to electrons with thermal energies, as observed
by Yngvesson and Perkins (1968). For the angles possible with the Arecibo radar,
the non-thermal contribution to the spectrum starts at frequencies > 4.5MHz.
Similar observations for non-thermal energy distribution were carried out by
Fremouw et al. (1969), where frequency gaps or ”bite-outs” in IS spectra using
1290 MHz Stanford radar (presently at Sondrestrom, Greenland) were observed
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Figure 3.8: Landau damping for x = 2ε for α = 56◦ plotted against the
plasma frequency. γB is in the units of s−1. As the plasma
line frequency nears the 2nd gyro harmonic, the Landau damp-
ing increases and the frequency spectrum shows the ”split” or
broadening of the line.
for α > 80◦. These experiments were carried out by tuning the center of the
receiver to the plasma frequency of interest. Results showed that at multiples of
electron gyro frequency, the received signal showed significant damping. The
damping is attributed to the Landau damping process.
In recent years, high latitude ionospheric modification experiments done at the
second gyro harmonic have produced some interesting results using optical di-
agnostics (Kosch et al., 2005; Djuth et al., 2005). An enhancement in the artificial
air glow has been observed while heating the ionosphere at second gyro har-
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monic. It has been suggested that the Langmuir waves participate in the elec-
tron cyclotron acceleration when the local plasma and electron gyro frequencies
match (Mishin et al., 2005). We plan to make further observations to investigate
this effect using an ISR as a diagnostic tool for an ionospheric modification ex-
periment.
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CHAPTER 4
ATMOSPHERIC WAVE STUDIES WITH PLASMA LINE
4.1 Introduction
Since the plasma line is a measure of the electron density in the ionosphere, any
modulations in the electron density are readily reflected in the plasma line fre-
quency. Atmospheric pressure waves routinely propagate up to the ionosphere
and cause the electron density to bunch up at periodic spatial and temporal in-
tervals. These waves are important in understanding the coupling between the
atmospheric regions, since they also transfer the momentum flux from lower at-
mosphere to the upper (e.g., Vadas, 2007; Vadas and Fritts, 2005). Characterizing
the temporal and spatial scales of these waves are crucial in order to under-
stand their velocity, propagation and dissipation. This chapter describes two
examples of how plasma line observations can assist the investigations of such
waves in the ionosphere. The following section gives a background on the buoy-
ancy or gravity waves, as they are more commonly known.
4.2 Introduction to Gravity Waves
Gravity waves are buoyancy waves, where a parcel of fluid is displaced and is
restored by gravity. The process of restoring the parcel towards equilibrium re-
sults in oscillations about the equilibrium state, which are observed as density
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fluctuations in a fluid medium. The characteristic frequency of these oscillations
is called the Brunt-Va¨isa¨la¨ or the buoyancy frequency, which is a low frequency
branch of the acoustic waves. Only the waves with frequencies less than the
buoyancy frequency would propagate. A variety of gravity wave (GW) signa-
tures can be observed in the oceans, the clouds (e.g. figure 4.1), and also the up-
per atmosphere. These GWs create variations in the neutral fluid density, tem-
perature, pressure, and wind velocity. In the ionosphere, the GWs originated in
the neutral atmosphere cause the plasma to converge along the magnetic field
lines forming density layers in horizontal and vertical directions at altitudes
primarily below 200 km (Kelley, 1989). These waves are mainly observed in the
ionosphere as traveling ionospheric disturbances or TIDs. A characteristic of
observed wave-layer structuring is that the layers are downward propagating,
which indicates a downward phase progression for an upward group velocity
and is predicted in the gravity wave theory (Kelley, 1989). The typical wave pe-
riods for such GWs are from ≈ 6 to 180 minutes (Vadas, 2007). The horizontal
and vertical wavelengths vary with altitude.
The TIDs have been detected by a variety of techniques including ionosondes,
air glow imagers, and radars. Recently first observations of the TIDs from Poker
Flat incoherent scatter radar (PFISR) have been reported (Nicolls and Heinselman,
2007; Vadas and Nicolls, 2008), where GWs were detected using ion line in the in-
coherent scatter (IS) spectrum. The Arecibo radar is the most sensitive facility
of its kind and has been used by Djuth et al. (1997, 2004) to provide high tempo-
ral and spatial resolution electron density fluctuations at 1% level. The height
dependence of the vertical wavelength in these measurements were compared
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Figure 4.1: Gravity waves in tropospheric clouds.
with damping mechanisms as described by Hines (1960), who treated dissipat-
ing effects of kinematic viscosity and thermal diffusivity separately. A different
approach was taken by Vadas and Fritts (2005), which involves both the kine-
matic viscosity and thermal diffusivity in a single anelastic dispersion relation.
This dispersion relation has led to explore in detail the thermospheric response
to lower atmospheric sources (Vadas, 2007) provided that enough GW charac-
teristics (vertical and horizontal wavelengths and periods, background neutral
winds and temperatures) are measured properly. A detailed account of theoret-
ical work on the GWs is given in Vadas (2007).
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4.3 Gravity waves at High latitudes
The Advanced Modular Incoherent Scatter Radar (AMISR) at the Poker Flat Re-
search Range near Fairbanks in Alaska (65.12oN147.47oW ) is a new facility capa-
ble of detecting the plasma line using a long pulse. Here we describe using the
plasma line observed thus to infer vertical parameters of upward propagating
gravity waves that manifest themselves as plasma density fluctuations. Though
this method doesn’t give a very good height resolution, the ability to detect
these waves at high latitudes is of potential importance for our understanding
of the high latitude ionosphere. Furthermore, the measurements obtained at the
Poker Flat IS radar (PFISR) during the International Polar Year (IPY) provide an
opportunity to study these effects using plasma lines on a regular basis.
4.3.1 Poker Flat Incoherent Scatter Radar
PFISR shown in figure 4.2 is a 449 MHz phased array with a pulse-to-pulse steer-
ing capability. This allows the radar to make high time resolution measurements
in a single direction and reasonable time resolution measurements in multiple
directions. The data shown in this thesis are taken only in a single direction -
radar pointed towards the magnetic zenith at Poker Flat (−154.3oAz.77.5oEl.). A
480µs long pulse was transmitted and received signal was sampled every 143µs,
giving a range resolution of 21.5 km. The receiver bandwidth was 3.56 MHz.
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Figure 4.2: Poker Flat Incoherent Scatter Radar (image courtesy: Craig
Heinselman, SRI International)
4.3.2 Observations
Figure 4.3 shows a series of frequency-time-intensity images for the June 15,
2007 from 0814 - 1842 LT (UT-9) for altitudes from 158 to 242 km. The color scale
indicates calibrated signal power after noise subtraction in [Watts].The signal of
interest here is the temporally fluctuating enhancement in the intensity above
the noise floor. The experiment technique here to transmit a long pulse to ob-
serve plasma lines is known as plasma line cutoff technique, where the received
signal comes from a sharp gradient in the electron density profile in a given
range gate (Showen, 1995). The transmit pulse gives the resolution of 72 km. We
will call this the range gate. The received signal here is sampled at a higher rate
than the transmitted signal to achieve apparent higher range resolution of 20
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km. We will call this the range bin. In essence, the received signal comes from
chopping a range gate into multiple range bins, regardless of the actual range
resolution (72 km in this case). Each image in this figure thus shows the largest
return in a particular range bin, though the actual signal is still integrated over
the entire range gate. The result of this is that the same signal may appear in
multiple 20 km range bins, and signal from multiple range gates may appear in
a single range bin. The spectra shown here are integrated for ∼ 2 minutes. No-
tice that the plasma line trace seen in the lowest two altitude bins is qualitatively
different from that seen in upper two altitude bins. This means that the bottom
two and the top two range bins come from non-overlapping range gates. The
lower trace has the strongest signal at 179 km, and the upper trace is strongest at
242 km. So it is reasonable to assume that there are two extrema in the electron
density profile at h1 = 179 ± 10 km and h2 = 242 ± 10 km. At 200 km, both
traces are present due to the range gate overlapping in this range bin, which
enables us to see the phase relationship between the lower trace and the upper
trace. The upper trace has the same period as the lower trace with a phase shift
of∼ 180o. This difference is shown in more detail in fig. 4.4. The color scale here
is also in the units of calibrated signal power after noise subtraction in [Watts].
Since the radar beam is aligned with the magnetic field lines, the plasma den-
sity variation cannot be due to an imposed electric field effect, as such fields map
along the magnetic field lines. It is also highly unlikely that production or loss
would vary in the manner seen along magnetic field. We conclude that the vari-
ability must be due to an internal gravity wave interaction with the medium.
The induced amplitude of the plasma line frequency variation was 3% at the
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upper height and considerably less below. The increase with altitude is also a
good evidence for a GW interpretation.
As a further evidence for the characteristic downward phase propagation of
the GW, we compared the density fluctuations seen in the plasma line with the
electron density estimates obtained from the ion line. Figure 4.5 shows elec-
tron density estimated from the ion line using Te/T i correction but neglecting
Debye length variations with Te and Ne in the upper panel. The lower panel
shows electron density fluctuations δNe/Ne, after filtering out high-frequency
components from Ne. This figure shows 30-40 min. period perturbations in the
electron density, which match with those seen in the plasma line.
Calculating Gravity wave vertical parameters
Taking the wave period to be τ = 37 min., which is greater than the buoyancy
period (7-11 min.) at these altitudes. The phase delay between the lower altitude
wave and the higher altitude wave is δt = 10 min., which is almost certainly due
to the downward phase propagation. Using this information, we derive the ver-
tical wavelength λz = (h2 − h1)τ/δt ≈ 233±10 km, and vertical phase velocity
of -105 m/s.
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4.4 Density fluctuations at Mid-latitudes
In addition to the GW observations presented here with the Poker Flat IS radar,
the plasma line cutoff technique at Arecibo radar has also revealed significant
periodic density perturbations in the morning period. The morning time obser-
vations taken during November 2006 have indicated the presence of two spec-
trally thin intermediate layers at lower F region heights, oscillating with a pe-
riod of 6-10 minutes. Figure 4.6 observations from one such morning. At lower
altitude of 145 km, two traces indicating layers are seen at frequency offsets be-
tween 2.5 to 3.5 MHz. These oscillations are not only limited to the thin layers.
The period of oscillation is 6 minutes. These layers were present on every con-
secutive morning from November 21-23, 2006, with the same period. The broad
plasma line return between 3.5 and 5 MHz is not smooth, but shows striations
spanning over several frequencies and varying in time. Since the returned signal
is integrated over 75 km range gate, and the highest return comes from where
the density gradient is sharpest, returns at higher plasma frequencies may be
interpreted as coming from higher altitudes. If this is the case, the top panel in
fig. 4.6 indicates that the same neutral density variation is affecting both layers
and the ionosphere at higher altitudes. However, it is important to note here
that the plasma line at lower frequency offsets (¡ 4 MHz) may come only from
purely thermal electrons while that at the higher offsets also has a contribu-
tion from high energy photoelectrons (Yngvesson and Perkins, 1968). The bottom
panel in fig. 4.6 shows plasma line fluctuations in topside (above the F region
peak) ionosphere. These fluctuations are on top of the background density as
shown in figure 4.7. The fluctuations increase in the frequency, stay at the same
offset for about 40 minutes, then decrease in the frequency. This behavior was
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also seen on all three mornings of observation. Now it is known that gravity
waves are a ubiquitous feature at mid-latitudes (e.g. Djuth et al., 2004). How-
ever, the sources for the various period waves are unknown. Several sources
have been hypothesized including the ocean waves, the tropospheric pressure
fluctuations, solar terminator driven effect and magnetospheric sources. Precise
measurements of the various period electron density perturbations can certainly
help in the process of determining the sources.
4.5 Discussion and Conclusion
Here we have presented a method using plasma lines to detect GWs and infer
the vertical wavelength and period of the same. GWs were observed using the
fluctuations in the electron density and hence in the plasma line frequency over
time at different altitudes. It also allowed for a sensitive measurement of the
GW amplitude, which increased by 65% in ∼ 63 km. Using these plasma line
density estimates with electron and ion temperature estimates obtained using
the ion line could, combined with the GW theory, help determine the fluctu-
ating thermospheric wind. In addition the height variation with altitude will
provide a good test for the damping mechanisms for these waves. We would
like to note that the plasma line method provides a much cleaner way to detect
the GW fluctuations and eliminates the need for additional data processing. At
Arecibo radar, it may also help distinguish between the fluctuations in thermal
and non-thermal electrons densities in combination with the gyro line measure-
ments in low-density environment.
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Figure 4.6: Plasma line spectra taken on the morning of November 21,
2006. It shows the presence of two intermediate layers in-
dicated by two different plasma line traces in the top panel,
which are oscillating with 6-10 minute period. These layers
were present on every morning during November 21-23, 2006.
The bottom panel shows the spectra at a higher altitude, where
the dark traces are the plasma density perturbations on top
of the background density. The characteristic increase in the
frequency, relative steadiness for 40 minutes, and eventual
decrease in the frequency were seen on other days as well.
This could be part of a larger period gravity wave. The color
scale indicates un-calibrated signal power after noise subtrac-
tion and negative values are to enhance contrast.
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Figure 4.7: Plasma line spectrum taken on the morning of November 21,
2006 at 0740 LT. The arrows show the fluctuations in the plasma
line power on top of the broad plasma line resulting from the
long pulse. These fluctuations are at 10% of the background
plasma line power.
We have looked at the plasma line data from February to August 2007 and we
have found such fluctuations in the plasma line nearly 50% of the time. Deter-
mining source mechanisms for these periodic fluctuations is an active area of
research. The significance of the work presented here is that plasma line can
be easily used to determine the nature of such fluctuations that can provide the
means to understand the source mechanism for them.
100
At high latitudes, auroral precipitation, electric fields, and plasma instabilities
add to the complex nature of the ionosphere and make it difficult to find the
source of GWs in the thermosphere. The electron plasma waves, which cre-
ate the resonance line known as plasma line, have velocities near the tail of
the Maxwellian distribution and get enhanced by energetic particles such as
photoelectrons. Auroral precipitation gives rise to superthermal electron flux,
which is difficult for particle detectors. There have been several previous suc-
cessful attempts to measure auroral plasma lines (Valladares et al., 1988; Kirkwood
et al., 1995; Nilsson et al., 1996). In addition, according to Yngvesson and Perkins
(1968)The plasma line technique described can prove to be a useful tool to aug-
ment the studies of these processes.
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CHAPTER 5
SUMMARY AND FUTURE WORK
We have presented here new ionospheric applications using the technique of
incoherent scattering. The experiments and theoretical discussions presented
pertain to the resonance lines in the electron component of the incoherent scat-
ter (IS) spectrum, namely the gyro line and the plasma line. These resonance
lines have been explored theoretically since 1960’s, when the IS theory was de-
veloped by various authors. The experimental exploration began primarily at
the Arecibo Observatory when it became possible to observe wide bandwidth
spectrum. In recent years, the development in the radar hardware and software
has made it feasible to make high time and range resolution observations of
these lines, which has led us to discover several applications using them. In this
thesis, we have described a technique to infer the night-time electron density
and detection of intermediate layers at mid-latitudes using the gyro line, and
detecting gravity wave signatures using the plasma line at high latitudes. In
addition, also presented are experimental observations of frequency gap in the
IS spectrum at second electron gyro harmonic, a feature that was predicted in
the IS theory but observed for the first time at the second gyro harmonic. The
summary and the future explorations of the work presented here are discussed
in the following sections.
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5.1 Electron component in incoherent scatter spectrum
The technique of incoherent scatter (IS) from the ionosphere has over the years
been primarily used to derive electron density and temperature information
from the bulk electron motion while disregarding the magnetic field. Hence,
the primary focus of various observing facilities around the world is to make
ion line measurements because the power under the ion line is directly propor-
tional to the electron density in the ionosphere. The ion line in the spectrum
results from the up and the down going ion acoustic waves in the ionosphere
and is not affected by the magnetic field, except at angles perpendicular to the
magnetic field, namely equatorial latitudes (e.g. Jicamarca Radio Observatory).
In recent years the IS radars around the world have added advanced hardware
and developed compatible radar modes to be able to detect the scattering from
the higher velocity plasma waves, mainly Langmuir (electron plasma) waves
(e.g., Showen, 1979; Djuth et al., 1994). These higher velocity waves result from
the electron motion in the ionosphere, since ions are relatively slower and there-
fore do not produce high Doppler shift of the order of MHz in the spectrum. The
electron component of the IS spectrum is composed of such waves with higher
velocity that cause resonance lines in the spectrum at wave frequencies.
5.1.1 Gyro line
A unique feature that came out of the IS theory after including the magnetic
field was the gyro line. It was first observed by Behnke and Hagen (1978) using
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the Arecibo radar during the day time, but it involved integrating for 2 hours
to see the gyro line signal above the noise. Since then a multitude of efforts
have taken place to observe and discover the usefulness of this resonance line,
mainly at the Arecibo (Behnke and Hagen, 1978; Sulzer and Gonzalez, 2002) and at
the EISCAT (Bjørna˙ et al., 1990; Malnes and Bjørna˙, 1993; Shume, 2000) IS radars.
For a long time, the gyro line was considered devoid of any useful information.
The theoretical work carried out after initial detection primarily investigated the
effects of the superthermal electrons. Shume (2000) did explore the gyro line fre-
quency dependence on various ionospheric parameters, however the parameter
values considered were for daytime ionosphere and much higher temperature,
when the gyro line becomes very broad and is difficult to detect. The work re-
ported in this thesis concentrates primarily on the gyro line observations during
the dawn and the dusk conditions, when the electron density and temperature
are relatively low and rapidly changing. The gyro line persists for much of the
day at lower altitudes but remains difficult to detect at higher altitudes with
much higher temperatures. These measurements were made with high spectral
resolution, which requires transmitting a long pulse. As a result, the altitude
resolution was poor; the received signal was integrated over 75 km in range.
The advantage was that the gyro line could be detected at frequencies as low
as 200 kHz. Such low frequency measurements also suggest that the energy in
the gyro line comes from thermal electrons. Efforts to measure gyro line with a
”coded” pulse that gives a much higher range resolution have not succeeded so
far.
These measurements and the calculated theoretical spectra for observed
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ionospheric conditions indicated that the gyro line is strongest for the electron
density between 1×109 and 1×1011 /m3. This has provided another tool to mea-
sure the absolute value of the electron density during the night time. Usually
at IS radar facilities where the plasma line measurements are possible, the ion
line spectra are normalized using the electron density from plasma line. Most
plasma line measurements are taken during the day time. However, the plasma
line measurements are difficult during the night time owing to the absence of
the energetic photoelectrons. The above mentioned property of the gyro line
is thus useful in obtaining the absolute value of the electron density, especially
for the very low density layers regularly observed at mid-latitudes. It has been
known that the intermediate layers are a common occurrence in the nighttime
Arecibo ionosphere (Riggin et al., 1986). These layers typically occur between
the F and the sporadic E layers at night and may indicate a presence of metallic
ions. The structuring of the layer is a result from tidal oscillations in the neutral
atmosphere (Kelley, 1989). These layers are also very thin in altitude and low
in electron density. Our observations show such layers both in the plasma line
and the gyro line during the dawn period in November. The layers seemed to
appear earlier in the gyro line traces and later in the plasma line traces. Also,
like the plasma line, the shape of the gyro line is indicative of the electron tem-
perature. If the gyro line can be measured with enough spectral accuracy, it is
a very useful measure to investigate the night time dynamics in mid-latitude
ionosphere.
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5.1.2 Plasma line
As noted in the Chapter 1, the plasma line is one of the solutions of the disper-
sion relation for the magnetized plasma. The frequency of the plasma line is the
most sensitive measure for the electron density with a nominal correction for the
electron temperature and the magnetic field. This however, changes somewhat
in the domain where electron plasma frequency is close to multiples of the elec-
tron gyro frequency. The dispersion relation for waves in magnetized plasma
exhibits gaps at these frequencies. Instead of a resonance line at these frequen-
cies, two roots appear, one on the either side of the gap. The separation between
the two roots is kvthe/2pi. This effect was first noted by Gross (1951) and Bernstein
(1958) but was met with doubt initially (Oster, 1960). However, it was proven
later using a different technique by Salpeter (1961). Soon after, Perkins (1963)
provided numerical calculations for the electron component of the IS spectrum
and showed that the plasma line splits into two separate resonances. Much of
the approximate theoretical work shown in this thesis is based on these early
calculations.
In the IS theory, this ”split” is only present when magnetic field is included in
the calculations. The presence of the split depends on the angle between the
radar wave vector and the magnetic field. However, the width of the gap itself
depends on the electron temperature. This provides an additional measure for
the electron temperature. According to the theory, such frequency gaps should
also be present at the higher gyro harmonics, though the angle requirements for
those are severe with Arecibo parameters as noted in Chapter 3. The discussion
in this thesis concentrates solely on the effects on thermal electrons. The effects
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at radar wavelengths other than Arecibo or AMISR have not been explored ei-
ther.
5.2 Gravity waves
We have shown here that the high spectral resolution plasma line can be used to
measure some of the properties of the thermospheric gravity waves (GWs). The
GWs propagating into the thermosphere cause the electron density displace-
ment in the plasma. Numerous previous measurements have suggested that
the thermospheric GWs are a ubiquitous feature at mid and high latitudes. The
advantage of the high spectral resolution plasma line is that the density pertur-
bations of all periods can be detected with high precision, the frequency being
a more precise measure than the power. The electron component can also be
used to observe the evolution of thin density layers that are often modulated
with gravity waves propagating up from lower atmosphere. We haven’t been
able to explain the features observed during November 2006 mornings with the
Arecibo radar very well, and more observations are needed.
5.3 Conclusion and Future work
The work reported in this dissertation involves measuring the complete IS
spectrum and using it to derive important geophysical parameters. While the
107
plasma line is a much widely known feature in the spectrum that has been used
to make a variety of sensitive measurements (e.g. Djuth et al., 1994; Nicolls et al.,
2006), this was the first time a plasma line has been measured at a frequency
offset of as low as 1.2 MHz. These measurements helped validate the IS theory
including the magnetic field by showing that the plasma line indeed ”splits” at
the second gyro harmonic (Salpeter, 1961; Perkins, 1963).
The ionospheric electron density is often modulated by the small and the large
scale waves and instabilities in the upper atmosphere. These waves could ei-
ther be the result of the gravity waves from the lower atmosphere or the solar-
magnetospheric sources. The large scale instabilities such as the sporadic-E in-
stability and the Rayleigh-Taylor instability can also cause the fluctuations in the
electron density. However, it is very difficult to determine the source of the ob-
served fluctuations in the electron density. The plasma line measurements can
help in two ways to aid this research. First, high spectral and temporal resolu-
tion plasma lines are the best way to measure the periodicity of the waves. This
also helps to find if there are multiple periods that need to be taken into con-
sideration. The plasma line technique at the most IS radar facilities (Arecibo,
AMISR facilities - PFISR and RISR, and EISCAT Svalbard) has been refined to
make reasonably high spectral and temporal resolution measurements to make
this possible. Second, at high latitudes, the energetic auroral electrons enhance
the plasma lines. Such auroral plasma lines can be used to determine the auro-
ral influx and the effect of magnetospheric sources on the ionospheric electron
density. The IPY dataset discussed in this thesis has revealed significant den-
sity fluctuations about 50% of time using the Poker Flat IS radar. A comparison
between the simultaneous plasma line measurements taken during the IPY at
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other high latitude IS radars, such as the EISCAT radar will be used to gain
some insight into the sources of these fluctuations.
The gyro line, the lesser known cousin of the plasma line was measured first in
1978 (Behnke and Hagen, 1978), then thrust largely into obscurity (barring a few
attempts using the EISCAT radar) due to the belief that it is useless in deriving
any geophysical information. The work described here reports first clear obser-
vations of the gyro line in an IS spectrum, and was detected with a 20 second
integration. These measurements also confirmed the theoretical results about a
rapid change in the gyro line frequency when the electron density is changing
in the range of 109 − 1010/m3. The gyro line intensity is about twice as much
during this electron density range as it is at the higher densities, so it is easier to
detect. Of course the detection also depends on the electron temperature. The
broadening caused by much higher temperatures make it nearly impossible to
detect at higher altitudes, but it can still be seen at lower altitudes even during
the daytime. The gyro line measurements during the dawn and the dusk hours,
when the electron density and temperature are rapidly changing, can thus be
used to derive an absolute value of the electron density. This is of particular
importance since the plasma line, which usually provides the absolute electron
density, is not available before the sunrise due to the lack of the high-energy
photoelectrons as noted above. The gyro line can fill this gap. The mid-latitude
IS radars should be able to measure the gyro line with reasonable sensitivity
and temporal resolution. At Arecibo, an attempt to measure high altitude reso-
lution gyro line is already in progress and the same will be undertaken with the
Millstone Hill radar in near future, though may prove to be much more difficult.
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